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INTRODUCTION AND HISTORICAL 
REVIEW 
Cadmium, one of the trace metals, has, in the last two 
to three decades, become increasingly important in both in-
dustrial and biological fields. 
The recognition of cadmium as a serious health ha.zard.(1) 
has led to a closer e:x:amina.tion of its properties and bio-
chemical effects. 
I 1. The Properties of Cadmium 
Cadmium, an element of ata:nic number 48, atanic weight 
112.41 and valency 2, is a soft 'White lustrous metal belonging 
to the second sub-group of the Periodic Table. 
It has a boiling point of 768°c, melting point of 321°0, 
is remarkably volatile for a heavy metal, and exists natura.1-
ly as a mixture of eight isotopes, constituting 2 x 10-5% of 
the earth's crust. Extraction of cadmium is by distillation 
from zinc ores. 
The electron conf'iguration of cadmium is 4d10ss2, and it 
forms simple bipositive cations~. There are no ligand 
field stabilization eff'ects in cadmium ions, and the stereo-
chemistry is, therefore, detellllined solely by size and 
electrostatic and covalent bonding forces. 
shows octahedral co-ordination. 
Cadmium chloride 
The metal is used in electroplating, in bea.ting metals, 
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in f'Usible alloys and as a neutron absorber in nuclear reactors. 
Cadmium forms numerous isanorphous salts, pure preparations 
of the sulphate and chloride being readily available conmercial-
ly. The cadmium halides appear to be weak electrolytes and 
fonn con:q>lex ions in concentration solutions. The oxy salts 
are fo:rmed on burning and are soluble in water. Cadmium sul-
phide can be produced by action of hydrogen sulphide on the 
chloride in aqueous solution, and fonns the yellow-red pi~ts 
used in the paint industr,y-< 2,3) • 
I 2. Cadmium Poisoning in Industx:y 
Cadmium was first recognised as a toxic metal in the 
alkaline battery factories in Sweden (Friberg, 1950)(4), when 
workers suffered from ill health and even died fran e:,c;posure 
to cadmium oxide dust. Cadmium oxide fume evolved in :factories 
ma.king copper-cadmium alloys and cadmium sulphide in the paint 
industry are equally potent. Ingestion of cadmium caused symp-
talls o:f :food-poisoning such as vaniting and diarrhoea< 5>. 
Bonnell, Kazantzis and King (1959)( 6) observed that the 
first signs of cadmium poisoning can occur after a long latent 
period, and that once started, the disease progresses in the 
absence or presence of cadmium. 
Clinically, the symptoms of chronic poisoning from inhala-
tion of cadmium oxide fume were generally manifested as tiredness, 
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nerviness, shortness of breath, palpitations, coughing, im-
paired olt'actory sense and dyspnoea. Blood pressures were, 
for the most part, nonnal and radiological pictures showed 
nothing unusual(4,5) • Many of the affected men had lung em-
physema. and examination of the urine showed the presence of 
proteinuria in 6:Pfo of the workers. This proteinuri.a - not 
the type usually found in connection with renal disease -
can be regarded as a diagnostic feature and will be discussed 
again in detail. 
Exalnination of the blood showed lowish values for haemo-
globin and red corpuscle count, while the ezythrocyte sedimen-
tation rate was raised. Minor displacements between the 
protein fractions, with an increase in the concentration of 
Y globulins ( Olhagen, 1945( ?) , Kekwi.ck, 1955( S)), were found 
on electrophoresis of serum proteins. 
Changes in liver :f'Unction tests occurred occasionally 
which could account for the raised Y globulin concentrations. 
A number of investigators have remarked on evidence of 
renal damage, both glomerular and tubular, although reports 
are often conf'licting as regards severity of the renal lesions. 
Inulin clearance was diminished and the concentrating capacity 
was low(4). Clarkson and Kench (1956)(9) showed that the 
total concentration of amino acids in the urine was raised. 
There was a remarkable increase in the excretion of serine 
-3-
and threomne, and it was suggested that a camnon pathway for 
the reabsozption of these two amino acids was easily blocked 
by cadmium. This amino aciduria was generally accompanied 
by glycosuria and in some cases traces of reducing sugars 
were found in the urine (Smith, Wells and Kench, 1961)(10). 
Apparently cadmium ions were removed by glanerular filtration, 
since excretion of the metal increased proportionally with 
creatinine clearance (Smith and Kench, 1957)(11 ). This mode 
of renal clearance would allow the cadmium ions to becane 
attached. to the tubular epithelial cells and thereby impair 
reabsorption of glucose, amino acids and even proteins fTom 
the glomerular filtrate. 
More recent work by Bonnell (1965)( 5), Holden (1965)(12) 
and Potts (1965)(13) on cadrniun-poisoned. factory workers is 
in agreement with all these earlier findings. 
I 3. Tissue Injury in Cadmiun Poisoning 
Histologically, signs of cadmium poisoning are clearly 
evident. In poisoned worlanen in industry, the respiratory 
tract was perhaps most affected - this generally being the 
most dangerous route of entry. Usually, widespread emphy-
sema with a fibrous exudate, signs of' acute bronchitis and 
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the presence of bullae were characteristic in the lung tissue(4,5,1211 3). 
Bronchi underwent inflamna.to:cy changes with inf'iltration of 
lymphocytes and plasma cells( 14). 
Also notable was the effect on the kidney, an organ 
noted for its natural ability to accumulate and store cad-
mium ( Gunn and Gould, 1957' 15) and Bonnell, Ross and King, 
1960( 16)) • This appeared to be in keeping with the dis-
covezy and work on metallothionein by Niargoshes and Vallee 
(1957)(17) and Kag1. and Vallee (1961)(18119). This protein, 
which can readily be prepared from kidney tissue, has a 
molecular weight of 10,000 and contains 5.9ft cadmium. 
In the kidneys of chronically poisoned men there was 
an initial blurring of the cortical pattern, followed by 
dilation and atrophy of the tubules, and finally contrac-
tions and crowding of the glomeruli ( 4-, 16) • Renal calculi 
have also been founaC 4). However, in some cases, often 
after death due to emphysema, no signs of kidney necrosis 
were evident. 
Renal damage in rabbits and rats< 16) after experimental 
poisoning apparently followed a similar pattern to that in 
man (Kench, Wells and Smith, 1962' 21 ) and Axelsson and 
Piscator, 1966( 22)). Definite degenerative changes have 
been seen in the kidneys of chronically poisoned monkeys 
(Timme, 1966) ( 2o). The cells of the proximal convoluted 
tubules were often pale, swollen and vacuolated and sane 
showed frank necrosis. Hyaline droplet degeneration was 
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seen in a few tubules. 
Livers of cadmium-poisoned men were congested, with areas 
of focal necrosis(14, 2o, 23) with some lipochrome deposition and 
fatty degenera.tion( 23); one case had a calcifying leiOD\Yoma in 
the oesophagus wa11<14). 
There was occasionally hypertrophy and fatty degeneration 
of' the lJ\YOcardium, diffuse suppurative prostatitis and glandu-
lar atrophy of' the corpus mucosa( 23). 
Skeletal changes, osteoporosis and pseudo fractures have 
also been described as a result of cadmium poisoning( 24). 
Friberg, 1950(4) noted the presence of' minor accretions only 
on the vertebrae. Yellowing of the teeth at the alveolar 
margin was often noticed( 25, 26) in men exposed for longer 
than two years. 
Baum and Worthen ( 1967) ( 27) have reported the presence 
of anzy-loidosis in poisoned rabbits. It occurred only in 
animals exposed for a long time and was ma.inly renal, but 
with infiltration into the spleen and liver. This has never 
been noticed in men or monkeys and may be due to a species 
difference. 
Experimental poisoning in rats has shown that severe 
testicular damage with regressive changes of spenna.togenic 
epithelium are caused by cadmium. No morphological lesions 
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in the ovaries of female rats have been observei 28). The 
metal has even been incriminated as an aetiological factor 
in human toxaemia of pregnancy, but there is little available 
evidence to support this suggestion(3o). 
Sane workers have tentatively suggested cadmium as a 
carcinogenic agent because of the high incidence of malignant 
disease in cadmium workers ( 12' 13) • Ka.zantzis, Flynn and 
Spowage and Trott (1963)(29) have produced twnours in rats 
following injections of cadmium. compot.mds. 
I 4. The effect of cadmium on metabolism 
Cadmium has widespread effects in experimental poisoning. 
Lawford ( 1961) (31) fot.md that rats suffered rapid and 
severe anaemia with a rise in serum transferrin. .Hypoalbu-
minaemia, }zyperglobulinaemia, and the presence of an extra 
serum protein component were evident. This could be the 
result of aberrant biosynthesis of proteins under the in-
fluence of cadmium. 
Rats fed with cadmium became lzypertensive(32,33,34). 
This was associated with neurological and vestibular dis-
turbances, bleaching of the incisor teeth, cardiac lzyper-
trophy and considerably shortened life. 
The interrelationship between the effect of merouzy 
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and cadmium on aortic vasoconstri.ction indicate that cadmium 
is an adrenergic blocker(35). Intra-arterial cadmium also 
had acute pressor effects(36). 
Gabbiani (1966)(37) demonstrated a severe and rapid 
effect of cadmium on sensory ganglia in rats, hamsters and 
guinea pigs. It has also been shown that cadmiun has an 
effect on nervous conduction(3B). 
Cattle were adversely affected by dietary intake of cad-
mium.. Growth rate, food consumption, water intake, general 
appearance and testicle development decreased progressively 
with intake of cadmium. Removal of cadmium fl"OOl the diet 
reversed these effects to some extent(39). 
Cadmium has also been reported to enhance renal proximal 
tubular reabsorption of sodiunP..O). 
I 5. The effect of cadmium on en;rmes 
Cadmium is known to both stimulate and inhibit various 
eneyme actions. 
Oxidative phosphorylation was lll'lcoupled at extremely low 
concentrations of cadmium. This effect could be reversed by 
addition of dithiols {e.g. dimercaptopropional) and ethylene 
di.amine tetra acetic acid, but not by monothiols such as glu-
tathione(41,1+2). Succinic dehydrogenase was most sensitive(43,44), 
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but other dithiol systems such as« ketoglutarate and lipo-
amide dehydrogenases were also affected. Hexold.nase, puri-
fied phosphatase and cytochrome oridase were relatively 
uninhibited. Cadmium also uncoupled the phosphate esteri-
fication associated with the oxidation of citrate. The 
cadmium was finnly bound to the mitochondria and was thought 
to act by displacing other cations essential for phosphoryla-
tion, orby blocldng the active site. The action was thought 
to be through a disulphide group, probably with the :formation 
of mercaptides. Cadmium in metallothionein ( 18) is knmm to 
be associated with large aIDOunts of' sulphur - fran cysteine 
residues - in the protein, and reversal o:f inhibition by 
sulphur compounds seems to indicate participation of -SH groups 
in the reaction. 
Na+, K+-stimulated activity of adenine triphosphata.se 
was inhibited to a fair degree by cadmium and this action is 
also thought to be through sulphydryl groups('4-5). 
Several peptidases were af'.fected by cadmium. Prolida.se, 
which hydrolyses peptides containing proline and hydro:,cyproline, 
was strongly inhibitei 46) and could be differentiated from pro-
linase which was activated by cadmium ions(47). Aminotripept1-
dase(4S), carnosinase, leucine aminopeptidase1 and glycylpepti-
dase from pig 1i ver were all inhibited by cadmium1 whereas 
Beman and Kench (1967)(49) have demonstrated slight activation 
of leucine amino peptidase f'rom rat liver supernatant by oadmillll 
ions. 
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Cadmium ions had a marked inhibitory effect on the esterase 
activity in developing bones and teeth(50) but the-J stimulated 
the activity of yeast arginase ( 51 ) , tryptophan pyrrolase, phos-
phopyruva te hydratase, pyruvate decarbo:xylase and oxaloacetic 
decarbo:xylase< 52). Most of these enzymes were also activated 
++ ++ ++, by a number of other divalent ions such as Mn , Zn , Mg , 
eo++, Ca++ and Fe++• 
It has been suggested that cadmium may be an antimetabolite 
for zinc because of similar response/53). The enzyme, zinc 
carbo:,cypeptidase A, exhibited both esterase and peptidase acti-
vity. This dual specificity was sensitive to minor alterations 
in the structure of the eneyme and if the zinc was replaced by 
either cadmium or mercury, the esterase activity was enhanced 
while the peptidase activity was lost(54). Kagi and Vallee 
( 1961) ( 52) , have shown ccmpeti tion between zinc and cadmium for 
binding sites on metallothionein. 
Hmvever, in spite of the very widespread action of cadmium 
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in living organisms there is apparently no haneostatic control(55,56). 
I 6. Froteinuria in Cadmium Poisoning 
The proteinuria of chronic poisoning was unlike that of 
nonnal renal tubular disease in that both the distribution of 
proteins and the overall reolecular weight of urinary proteins 
were different. 
When traces of protein were found in the urine of' cadmium 
poisoned men, only oc:2 and r, globulins could be identif'ied. 
Later albumin appeared, and the electrophoretic pattezn in 
severe cases was similar to that of serum though oc1 and oc2 
globulins were not distinguishable. There were also f'ar 
greater amounts of globulin than albumin (Smith, Wells and 
Kench, 1961)(10). On ultracentrifugation, these urinary 
proteins sedimented as a single conponent of molecular weight 
20,000 to 30,000 (Kekwick, 1955 (B) and Pedersen - findings 
published in Friberg' s monograph ( 4)) • These facts seemed 
to indicate that the proteinuria of cadmiwn poisoning was a 
specific lesion. 
Other workers have maintained that the proteinuria was 
no different from that occurring in any renal tubular dys-
function and suggested that the damage caused by cadmium 
was mainly tubular (Creeth, Kekwick, Flynn, Harris and 
Robson, 1963(57)). Undoubtedly renal tubular damage does 
occur in chronic cadmium poisoning. This is evident from 
the amino aciduria and glycosuria demonstrated by Clarkson 
and Kench (1956)( 9) as well as from renal function tests 
ca.ITied out on poisoned men by Friberg(4) and renal lesion 
described by Bonnell, Ross and King { 1960) ( 16) and Axelsson 
and Piscator (1966)( 22>. 
That the proteinuria resulted from a direct action of 
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cadmium on the kidney tubules is unlikely as histologically 
the renal lesions did not appear severe enough( 20, 21 ). 
There was also no evidence of catalasuria or alkaline 
phosphaturia - the most sensitive signs of severe renal 
damage (Dounce, Roberts and Wills, 1949)(58). In addition 
to this the excretion of cadmium was glanerular( 11 ) and the 
proteinuria may well have arisen fran changes in this part 
of the kidney. 
Both Rowe (1957)( 59) and Smith et al (1961)< 10) have 
found the albumin excreted by nephrotic and nephritic patients 
to have a sedimentation constant similar to nonna.1 se:rum albu-
min (i.e. ! 4.04) as opposed to the sedimentation value of 
2.2 - 2.8 described by Creeth et al (1963)( 57) for the pro-
teins excreted during tubular malfunction. 
Smith and Wells (196o)( 6o) have described proteinuria 
in three worlanen suttering from metallic mercury poisoning -
an unusual occurrence - in which the excreted albumin was 
indistinguishable from serum albumin. 
The albumin excreted by nonnal. persons has been shown by 
Webb, Rose and Sehon ( 195&.) ( 61 ) to be indistinguishable from 
nonnal serum albumin while Merler, Remington, Finland and 
Gitlin ( 1962) ( 62) have evidence for the presence of albumin 
with a sedimentation constant of 2.6: 0.2 which is equivalent 
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to a molecular weight of about 30,000. Hovvever, this was 
only excreted in very small quantities. 
An investigation of the proteinuria displayed by workers 
was carried out by Smith, Kench and Lane (1955)( 63) and veri-
fied and extended Friberg's( 4) findings. They demonstrated 
that the incidence of proteinuria in cadmium workers was much 
higher than in 8lzy' other group, and that the excreted protein 
varied independently of urinary cadmium. 1.0 to 3.2 g./1. 
of protein was excreted daily by the poisoned men while nonnal 
adults excrete an average of 133 mg./day {Webb et al, 1958b(64)). 
Proteinuria,as a result of cadmium poisoning, was not 
unique to men. Rabbits and dogs e.xhibi ted a similar pattern, 
{Kench, Wells and Smith, 1962< 21 )). However, unlike the men, 
albumin of normal size (s20w = 4.07) was excreted together with 
the low molecular weight fraction (s
20w = 1.99). Studies on 
the total urinary albumins showed similar amino acid composi-
tion and antigenic behaviour to nonna.l serum albumin while 
radioactive isotope studies indicated a more rapid metabolism 
for the low molecular weight urinary albumin than for normal 
serum proteins. 
The advent of dextran gel filtration methods facilitated 
the separation of the nozma.l and low molecular albumins. 
Once separated this low molecular albumin, te:nned minialbumin 
because of its similarity to nonnal albumin, could be further 
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characterized. It was isolated fran the urine of monkeys, 
dogs and rabbi:ts experimentally poisoned with cadmium (Gain 
and Kench, 1965(65) and Gain, 1966( 66)) and found to behave 
like a normal serum albumin with respect to electrophoretic 
mobility (on paper and etholanized cellulose columns) and 
titration curves. The amino acid composition of the mini-
albumin had a deficit in its content of lysine and cysteine 
but was otherwise veey similar to normal serum albumin • 
.Antigenically this urinary low molecular albumin, found by 
ultracentrifugal studies to be 20,000 in molecular weight, 
was identical with serum albumin. Incorporation of radio-
active amino acids indicated that minialbumin had a higher 
metabolic turnover than its nonnal serum counterpart, and 
that injected minialbumin was rapiaJ.y removed from the cir-
culation by excretion through the kidneys. Infusions of 
haemoglobin increased the excretion of minia.lbumin in a 
poisoned monkey, but the reasons for this are not yet clear. 
The origin of this low molecular albumin was apparently 
not renal in nature as intravenous :injections of cadmium 
chloride increased the amount of' minialbumin recovered from 
the peritoneal dialysates of a nephrectomized monkey. It 
was, therefore, suggested that the minia.lbumin, because of 
its rapid synthesis and excretion, was produced in the liver 
and its urinary clearance enhanced by secondacy renal tubular 
damage (Gain and Kench, 1965( 65) and Gain, 1966( 66)). 
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I 7. Objeoti ves of the present study 
The present stuczy- was undertaken in order, if possible, 
to ascertain the nature and origin of this minialbumin which 
occurs in cadmium poisoning. The source of the minialbumin 
and the mechanism by which it arises are important to an 
understanding of the proteinuria of cadmium poisoning, but 
in addition we hoped might provide infonnation on the meta-
bolism of senll'.Il albumin in normal animals. The quantities 
of low molecular weight albumin to be found in both the se.I'llll 
and urine of monkeys a:f'ter the initial and each successive 
dose of oadmitun should provide some indication as to the 
tissues of origin of the protein. Should low molecular 
albumin be found circulating it would be necessary to establish 
whether this was in fact similar to the urinary minialbumin. 
To this end, we embarked upon studies involving electrophore-
tic mobility, exact amino acid composition, molecular weight 
and antigenic behaviour of all the albumins that could be 
isolated frcm cadmium-poisoned monkeys. 
I 8. Contributions of this investigation 
As a result of this investigation the following facts 
have been established.: 
(i) Cadmium-poisoned monkeys produced a circulating 
minialbumin, which occurred in a variety of 
-1.5-
molecular size ranging from .5,000 to aggre-
gates of 170,000. 
(ii) Circulating minialbumin was identical with 
urinary minialbunti.n in amino acid carposi tion, 
molecular weight, electrophoretic and antigenic 
behaviour. 
(iii) Timing studies indicated that the minialbumin 
did not arise by direct action of cadmium on 
the kidney, and was probably excreted only after 
renal tubular damage had occurred. 
(iv) The phenomenon of a partially reversible aggre-
gation and disaggregation of the low molecular 
albtmi.ns at neutral pH values, by non-covalent 
and sulphydryl bonding has been established. 
Polynerization of albumins is known to occur at 
low pH but has not hitherto been reported in 
nomal pH ranges. A higher proportion of 
aggregated albumin was found in the serum than 
in the urine, and made a substantial contribu-
tion to serum al'oomin of noznial. molecular weight 
in cadmium-poisoned animals. 
( v) Minialbumin was a complete antigen even though 
it lacked t:ryptophan and some lysine and cysteine, 
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i.e. the antigenic sites in nonnal albumin 
ha.ve been retained intact in the smaller 
molecule. 
(vi) On the available evidence,the most rational 
eJC;planation of the action of cadmium appears 
to be tha.t it suspends proteolysis during the 
cata.bolism of albumin by inhibiting further 
breakdown of the fragments. Cadmium is known 
to inhibit the activity of endopeptidase and 
carboJcypeptidase as well as some of the di and 
tripeptidases. Such an action would result 
in a mixture of polypeptides, which apparently 
ha.ve a marked propensity to aggregate together. 
It is suggested tha.t a similar process could 
lead to microheterogeneity in the albmlin mole-
cule, around a structure based on a single 
genetic code. 
Some of the investigations described here ha.ve been pub-
lished: the reprints fonn the addendum to the thesis. 
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PART II 
EXPERIMENTAL AND RESULTS 
II 1. EXPERIMENT.AL .ANIMALS 
II 1. (i) Experimental animals and their maintenance 
(a) Monkeys: The species of monkey studiep was Cerco-
pithicus aethiops (Fig. 1A). Animals were captured in their 
wild state and allowed to settle down for 2 to 3 months in 
their new environment be:fore being poisoned. Only heal thy 
young males showing stationary weight and presumably, therefore, 
in nitrogen balance were employed for the investigation. 
The experimental animals were kept singly in metabolic 
cages, of measurement 20" x 24" x 20", ma.de of galvanized iron 
rods. The cages were fitted with an internal sliding door to 
facilitate handling, so that the monkey could be held still at 
one end. The side wall of the cage at this end had apertures 
through which the tail and hind limb could be extended (Fig. 1B). 
The cages were raised and stood in stainless steel trays. 
The animals were fed between 12 and 3 p.m. daily, with 
a mixed diet consisting of carrots, pumpkin, sweet potatoes, 
cabbage, oranges and dried maize and nuts. The monkeys were 
not given extra water, the :fruit in the diet providing suf'fi-
cient fluid for their needs ( Gain, 1966( 661. 
( b) Rabbi ts: Rabbi ts were used :for the production 
of antiserum. They were a frail a locally bred (mixed) variety. 
Male anjmals weighing three to four kg. were selected and maintained 
-18-
FIG. 1 
A. EXPERIMENTAL MONKEY. 
B. MONKEY AS FOR INJECTION. 
in metabolic cages of' dimensions 20" x 1611 x 1611 • They were 
fed daily between 12 p.m. and 3 p.m. on cabbage, carrots and 
rabbit biscuits containing a mixed enriched protein concentrate. 
Fresh drinking water was provided daily. 
( c) ~. These animals were used only in short-
tenn experiments and were a locally bred albino variety. They 
were housed in metabolic cages measuring 1211 x 1 O" x 8 11 • Rat 
biscuits, consisting of' a mixed protein concentrate, and fresh 
drinking water, renewed twice daily, was the o~ nourishment 
provided. The animals were not starved prior to the experi-
ments. 
II 1. (ii) Collection of' specimens 
(a) Blood 
(i) Monkeys - liUood was withdrawn into 
a syringe, in the absence of anti-
coagulant, from the saphenous vein 
of the lower hind limb. 
(ii) Rabbits were bled from the marginal 
ear vein by nicking it and allowing 
the blood to drip into a container. 
(iii) Rats - As it was very difficult to 
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obtain a large enough sample by 
puncture of the caudal veins (the 
recognised method), rats were ldl-
led. by stunning and blood taken 
imnediately fran the aorta and 
hepatic portal vein. 
All blood samples were allowed to clot at roan t~era.ture 
before separation of the serum by centrifugation. 
(b) Urine 
(i) Monkeys - Urine was collected in 
the stainless steel trays in which 
the cages stood, and kept free fran 
stools and food debris by a f" wire 
mesh and muslin covering which fonn-
ed a floor to the cage. 
(ii) Ra. ts were supported on perforated 
porcelain discs inside glass con-
tainers for the duration of the 
experiments. In this way urine 
could easily be collected. 
All urines were filtered through Whatman No. 1 filter paper 
in the presence of ldeselguhr., and then dialysed for 36 - 48 hrs. 
against running tap water, and then for 12 - 16 hrs. against 
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distilled water, before proteins contained therein were preci-
pitated. 
II 1. (iii) Intoxication of the animals 
(a) Monkeys: Cadmium, as the chloride (ca..012.~ H2o) 
was administered intravenously in dosages of not more than 2.0 mg. 
cadmium per kilogram body weight per wee1c< 21 ). As the animals 
weighed on the average 6 - 7 kg., this was normally given as two 
pulse doses of 6 mg. cadmium twice weekly. The solution could 
not be injected directly as its low pH (4 to 5) caused haemolysis, 
thrombosis and tissue necrosis. The procedure was as follows. 
Six ml. of blood was withdravvn from the saphenous vein of the 
lower hind limb into an hepa.rinized all-glass Leurlock syringe. 
The needle, type 21 G and 1-11", was left in the vein and a two-
way Leur stopcock attached, while the blood was mixed immediately 
with approximately 0.5 ml. heparin (5000 I.U./ml.) in a small 
beaker. Three ml. of a cadmium chloride solution containing 
2 mg. cadmium per ml., and a calculated amount of sodium chloride 
to make the chloride level ph,ysiological, was added dropwise to 
this with continuous mixing to prevent precipitation of the blood 
proteins. The mixture was then drawn up into the syringe which 
was fitted to the tap, and the cadmium slowly injected over a 
period of 1 to 2 min. Bleeding was stopped by application of 
Hibitane antiseptic cream (ICI) and adhesive plaster. If the 
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animals did not themselves remove the bandages, they were ta.ken 
off the following day. Hind limbs were used alternatively. 
All the instruments and solutions required for this pro-
cedure were autoclaved before use at a pressure of 15 lb./ sq. 
inch for 15 min. A fresh solution of cadmium was prepared 
ever,y 4 weeks. 
Overdosage led to nausea and lethargy in the monkeys. 
It was found that animals were far more tolerant to cadmium 
in the early stages of poisoning. Severely poisoned animals 
showed agglutination and darkening of the blood, and in such 
cases dosages very often had to be reduced to two thirds or 
half the usual amount. 
As the poisoning progressed, the animals tended to became 
very aggressive. Loss of pigment on the face was also noted 
in chronically poisoned anims.ls. 
( b) ~: Owing to the dif:f'icul ty of withdrawing 
and re-injecting blood from the caudal veins of the rat, cad-
mium was administered intraperitoneally rather than intravenously. 
Dosages of' 1 mg. cadmium per kilogram body weight, as advo-
ca ted and used by Lawford ( 1 961 ) ( 31 ) were tried, but found to 
be rather too small for acute poisoning experiments. It was 
found by trial that the dosage could be increased up to 15 mg. 
cadmium per kilogram body weight without killing the anima1s. 
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However, the rats were very lethargic after such doses. 
The cadmium was administered as a 1%(w/v) solution of cad-
mium chloride (Cd.cl2.2! H2o) in o.85fo(w/v) sodium chloride. 
The rats were lightly anaesthetized with ether and the cadmium 
given intraperi toneally over one to two min., using a disposable 
syringe and 21 G needle. Control animals were given an equi va-
lent volume of physiological saline in the same way. 
II 2. GENERAL BIOCHlil.ilCAL INVESTIGATIONS 
Blood and urine samples were collected from nonnal and 
experimental monkeys at regular intervals for routine analysis. 
This provided a check on the metabolic state of the anima.ls 
and could be an index to the onset of'~ metabolic distu:t'-
bances occurring in the poisoned animals. 
As rabbits were used :for antiserum production only, and 
experiments on rats were short-tenn, routine investigation on 
these animals was deemed unnecessary. 
II 2. (i) General investigations on sera included the following 
and the results are swm:na.rized in Table 1. 
(a) The albumin-globulin ratio: This was measured 
by the biuret method on the total protein and 
the albumin fraction following precipitation 
with sodium sulphite according to the method of 
Wolfson, Cohn, Calvary and Iohiba (1948)( 67). 
There was a tendency for the concentrations of 
albumin and globulin to decrease on prolonged 
poisoning (Table 1). 
{b) + + Na and K : These were measured by the methods 
of Spencer ( 1950) ( 6B) and Brealey and Ross ( 1951) ( 69) 
using a Baird flame photometer (Atomic Model KY-1). 
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TABLE 1. 
General biochemical investigations on serum 
of nomal and of cadmium-poisoned. monkeys 
I Nonnal Poisoned Poisoned Test Units monke:v monkey (a) monkey (b) 
Albunin g./100 g. 3.9 3.9 3.7 
Globulin g./100 g. 2.7 3.0 2.4 
Na+ meq./1. 146 153 16o 
K+ meg./1. 4.8 5.2 5.9 
Cl- meg./1. 96 I 107 110 
Urea mg./100 ml. 10 20 33 
Total Bilirubin mg./100 ml. ~ 0.5 , 0.5 , 0.5 
Conjugated 
Bilirubin mg./100 ml. o.o o.o o.o 
s.G.o.T. Kal:nlen units 30 28 83 
Cholesterol mg./100 ml. 120 112 115 
Alkaline 
phosphatase units 5 6 5 
Amylase units 510 230 158 
Thymol turbidity units 0 1 0 
Zinc turbidity units 3 4 2 
Glucose mg./100 ml. 109 92 89 
(a) Mean of dete:nnina.tions on three monkeys in early stages of 
poisoning. 
(b) Mean of detenninations on three monkeys chronically poisoned with cadmitm. 
-25-
(c) Cl-: Glasstone's (1955)(7o) method was employed and 
adapted to measure the fall in electrical conductivi-
ty of the solution containing the chloride ions on 
addition of silver nitrate. 
( d) ~: detennined colorimetrically with diacetyl mono-
xime reagent in a Technicon auto-analyser according to 
the method of Skeggs ( 1957) ( 71 ) modified by Marsh, 
Fingerhut and Kirsch (1957)(72). 
(e) Billrubin: The methods of Michaelsson (1961)(73) and 
Nosslln ( 1960 / 14.) were used, and the bilirubin detel'-
mined as total and conjugated. 
(f) Serum glutamic oxaloacetic transaminase (s.G.O.T.): 
This was determined spectrophotometrically by follow-
ing the decrease 1n optical density - a result of 
the oxidation of reduced nicotinamide adenine dinucleo-
tide - according to the procedure described by Karmen 
(1955)( 75) and Henry et al (1960)( 76). 
(g) Cholesterol: colour development with the Liebermann-
Buchard reaction, according to the method of Pearson, 
Stern and MoGarack (1953)( 77), was used. 
(h) Alkaline phosphatase: The method, measurement of the 
enzyme action on the substrate pheeyldisodiwn ortho-
phosphate, was adopted for use on the auto-analyser by 
Marsh (1959)( 7a) from a modification of the King-
Armstrong procedure( 79) • 
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(i) .Amylase: The activity -wa.s determined as a :func-
tion of the colour intensity of the starch-iodine 
complex fozmed by residual substrate after the 
action of the enzyme. The procedure was as des-
cribed by Pimstone (1964)( 80). 
Am;ylase activity in the serum and urine of 
a monkey was determined during a course of injec-
tions of cadmium. The results in Table 1A show 
a significant rise in serum amylase activity after 
administration of 12 - 18 mg. cadmium over a period 
of 18 days. Levels in the urine increased con-
currently. 
TABLE 1A. 
Amylase activity in the serum and urine of a 
nev,ly Poisoned monkey T 
.A.Iey"lase activity 
Amount Cd Days after (modified Sanogyi uni ts) 
given injection 
Serum Urine 
6 mg. 0 370 -
1 41)0 69 
l+ 310 -
3 mg. 0 320 -
1 400 -
2 460 90 
3 mg. 1 460 -
2 572 720 
6 mg. 1 870 620 
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(j) Thymol turbidiR£: According to Maclagan's (19411-)( 81 ) 
method. 
(k) Zinc turbidiR£: By the method of Kunkel (1947)( 82). 
(1) Glucose: This was determined on whole blood by a 
modification of the Hoffman (1937)( 83) procedure, 
using a Technicon auto-analyser. 
(m) Electrophoresis(84,B5): This was perfonned with a 
Beclanan Model LB analytrol vd th a microzone electro-
phoresis cell and membranes( 86). Cellulose acetate 
was used as the supporting medium, and the method 
was standardized as regards potential gradient, 
buffer flow, sa.q,le size, humidity, buffer level 
and duration of separation. 
The microzone cell consisted of a vessel divi-
ded into two buffer compartments by a bridge onto 
which the supporting membrane was fitted. The 
ends of the membrane extended freely into the buf-
fer solution. A cell cover was applied directly 
over the suspended membrane. 
The membrane was a homogeneous, inert, cellu-
lose acetate material, 130 microns thick and with 
a unif'onn pore size of less than 2 microns in dia-
meter. Membranes were impregnated with buffer 
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bef'ore the samples were spotted with an applicator 
which was standardized to give repeatable deliveries. 
The electrod.es contained a pH 8. 6 barbital buf-
f er of ionic strength 0.075 and the run was continued 
at 250 V for 20 min. The membrane was then inunersed. 
in the fixative-dye (containing o.~ (w/v) Ponceau-s, 
3.C% (w/v) TCA and 3.0% (w/v) salicylsulphonic acid) 
for 7 - 10 min. It was then rinsed in 5% (v/v) ace-
tic acid and cleared in an acetic acid-alcohol mixture 
before dl:ying. 
The membranes, in a protective envelope, were 
then passed through a scanning attachment at 520 mµ, 
and the patterns guantitatively assessed in tenns of 
colour intensity, using saw tooth counts wider the 
protein peaks as an index. 
Sera from normal and poisoned monkeys were elec-
trcphoresed under these conditions and compared. As 
can be seen from the typical patterns in Fig. 2, and 
the values in Table 2, there was a decrease in the 
amount of albumin and of Y globulins while the other 
fractions remain unchanged. 
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FIG. 2 
SCANS OF ELECTROPHORESIS 
PATTERNS. 
A. NORMAL MONKEY WHOLE SERUM. 
ALB. " 
B. CADMIUM MONKEY WHOLE SERUM. 
ALB. B 
TABLE 2. 
Concentration of serum protein constituents 
in nonnal and poisoned monkeys. 
g. per 100 ml. 
Fraction 
Nonnal Poisoned 
Total protein 8.2 7.4 
Alblmlin 3.0 2.9 
Globulin « 1 0.7 0.5 
«2 o.6 0.7 
j3 2.0 2.0 
y 1.9 1.3 
ll 2. (ii) Urinaz:y investigations 
Specimens of urine were filtered till clear before 
car-eying out investigations on them, especial care being taken 
in this precautionary measure in the case of the tests for 
proteinuria. Results are presented in Table 3, for the fol-
lowing constituents. 
(a) Proteinuria: This was checked daily by three 
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different methods viz. hea.t coagulation, 
treatzoont with an equal volume of 10';& (w/v) 
trichloroacetic acid; and treatment with 
an equal volume of o.~(w/v) salicyl sulphonic 
acid. Opalescence and precipitation were 
indicative of the presence of protein. 
(b) Total Protein: Once the animals became pro-
tein.uric, the total protein excreted daily 
was determined by the Fines method( 87), which 
involves a biuret reaction on the TOA-precipi-
tated proteins. 
(c) Ketonuria: Acetone and acetoacetic acid were 
detected by Rothera' s ( 1908) ( 88) test, when 
if present they give a purple colour in the 
presence of anunonium sulphate, sodium nitro-
prusside and ammonium eydroxide. Acetoacetic 
acid was further tested for by Gerhardt's rea-
gent(B9), which is a less sensitive procedure 
than Rothera•s test and becomes positive {violet 
coloured product) only with severer grades of 
ketonuria. 
(d) ~: Is measured in tenns of nitrogen which 
is liberated on addition o-f: hypobrani.de and 
sodium lzy-droxide to the urine. 
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(e) Titratable acidity: Measured on freshly 
collected urine by the method of Henderson 
and Palmer ( 1914) ( 90) using neutral red as 
an indicator. 
(f) Glucose: tested for qualitatively by glu-
cose oxidase (testape)( 91 , 92) and quantita-
tively with Benedict's reagent(93). 
(g) Bilirubin: Fouchet's reagent( 94) gives a 
blue-green colour (biliverdin) on oxidation 
of bilirubin, adsorbed to the precipitate of 
barium sulphate and phosphate fonned on addi-
tion of barium chloride solution to the urine. 
(h) Urobilin: Detected by the method of Decomp/95) 
as a green fluorescent zinc complex on addi-
tion of saturated alcoholic zinc acetate 
(Schlesinger's reagent). 
(i) Specific Gravity: Detennined by weighing an 
appropriate volume of urine and comparing its 
weight with that of' an equal volume of water. 
( j) Na+ and K+: Measured on the Baird flame photo-
meter employing lithium at the internal standard.(68,69). 
(k) Cl-: Measured as for serum. 
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TABLE 3. 
General biochemical investigations on urine of 
nomal monkeys and on monkeys poisoned by cadmium 
Test Units Normal Poisoned Poisoned monkev monke:v (a) monke:v (b) 
Proteinuria: 
heat coagulation + or - - - + 
TCA + or - - - +++ 
salicyl sulphonic + or - - - +++ 
acid. 
Total Protein g./100 ml. 0.003 0.004 0.063 
Ketonuria: 
Rothera•s test + or - - - -Gerhardt's test + or - - - -
Ur:i.nary urea mg./24 hr. 1010 1372 1460 
Titratable acidity meq. Na.OH o.o o.o o.o 
I Glucose: I 
glucose oxidase + or - - - I -
(testape) I 
g./100 ml. ' ( 0.1 Benedicta (0.1 <0.1 
I Bilirubin + or - - - -
! 
Urobilin + or - - - i -I 
I Specific gravity 1.016 1.027 I 1.031 I I 
Na+ meq./1. 22 24 ! 20 
I K+ meq./1. 106 115 
I 
94 
Cl- meq./1. 27 52 49 
(a) Mean of detexminations on three monkeys in the early stages 
of poisoning. 
(b) Mean of detenni.na.tions on three 100nkeys chronically poisoned 
with cadmium. 
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II 3. DETERMINATION OF CAIMIUM 
It seemed important to establish the guanti ty of cad-
mium excreted by poisoned animals, how much was attached to 
the albumins and the amount present in the tissues. 
The method employed for cadmium determination was that 
of Smith, Kench and Lane ( 1955) ( 63). It was essentially 
designed for urinary estimations but was adapted for use with 
tissues( 96). 
Fifty ml. of urine was transfeITed quanti ta ti vely to 
100 ml. Pyrex erleznneyer flask, and evaporated gently to 
dryness on a sand bath. After cooling 5 ml. of concentrated 
nitric acid was added and the flask warmed until no more brown 
fumes were given off. Five ml. of concentrated sulphuric 
acid were then added and the flask heated strongly until the 
nitric acid had evaporated. The cooled digest was treated 
with 0.5 ml. hydrogen peroxide (100 vols.) and gently wanned. 
This was repeated until the digest remained clear after strong 
heating. The digest was then cooled to roan temperature, di-
luted to 10 ml. with distilled water and treated with 1 g. of 
sodium citrate (to prevent precipitation of calcium phosphate) 
before being rendered alkaline by addition of concentrated 
anmonia (S.G. o.88). The cooled neutralized digest was then 
quantitatively transfe?Ted with the aid of two five-ml. por-
tions of 1.0)& (v/v) ni trio acid to a separating funnel, and 
-~ 
5 ml. of a 1.:t}b(w/v) amnonia solution, 10 ml. chloroform 
and 10 drops ammonical di thizone (prepared by dissolving 
/ 
! 0.1 g. diphe:rzyl thiocarbazone in 10 ml. chlorofonn, ex-
tracting wi. th 20 ml. of 1. ~ ( w/v) ammoni.a solution and 
discarding the chlorofonn layer) were added. After shaking 
well, more di thizone was added witil the chloroform layer 
was dark blue. This coloured extract was run into a second 
funnel containing 25 ml. of 1% ( v/v) ni tr:ic acid. Further 
similar extractions were made. The pooled chlorofonn ex-
tracts were then shaken with the acid and the chlorofozm 
leyer discarded. Five ml. of chloroform was then gently 
run through (without shaking) to remove traces of dithizonate.• 
Next the aqueous layer was made alkaline by the addition of 
5 ml. 40%, (w/v) sodium hydroxide, o.o~ (w/v) potassium cya-
nide and 2 ml. of 2~ ( w/v) sodium-potassium-tartrate, and 
10 ml. chlorofonn and 5 drops of the di thizone added. After 
continuous shald.ng for one min., the phases were allowed to 
settle. If the aqueous layer was colourless or pale yellow, 
more dithizone was added. The chloroform layer was run off 
into a third funnel containing 25 ml. of 1% ( v/v) ni trio acid. 
Three to 4-more 10 ml. portions of chloroform were used to 
* This operation was perfonned out of bright sunlight,since 
in the light there is a great danger fran oxidation of chloro-
form by nitric acid with fonnation of toxic quantities of 
phosgene( 97). 
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extract the contents of the second funnel. The third funnel 
was shaken gently and the chlorofonn layer discarded. Traces 
of cli. thizone were again removed by running through .5 ml. of 
chlorofonn. Five ml. of ~ (w/v) sodium hydroxide - 1fo(w/v) 
potassium cyanide, .5 ml. of chlorofonn and 3 drops of dithi-
zone were added and the fumiel well-shaken for 1 min. The 
pink chlorofonn layer containing the cadmium was run into a 
calibrated tube and the extraction repeated with a further 
.5 ml. of chloroform. The volume in the tube was brought 
to 10 ml. and the tube stoppered and allowed to stand (the 
cadmium complex is photostable) before measurement at .506 mµ. -
the point of maximum absorption. 
Standard curves were drawn from detel"!Ilinations on 
standard amounts of cadmium ranging from O - 100 µg of cadmitmi. 
Such a curve is shown in Fig. 3. The concentration of cadmium 
in the urine and tissues was then estimated by reference to 
these standard. graphs. 
ll 3. (i) Excretion of cadmium 
The urinacy detennina.tions were carried out 
exactly as described above. However, as severely poisoned 
animals excreted large amounts of cadmium, it was possible 
















and this procedure was therefore adopted. Table 4 shows 
the amounts of cadmium excreted daily by chronically poison-
ed animals. There is a wide variation dependent on the 
degree of poisoning of the animal and the time lapse between 
injection of the cadmium and collection of the specimen. 
Excretion of cadmium by poisoned monkeys 
Monkey µg Cd• excreted daily 
M 50, 62, 117, 94, 108 
p 40, 45, 65, 72, 40 
L 135, 297, 180, 88, 211 
• The values are a mean of duplicate deter-
minations on the same sample. 
n 3. (ii) Attachment of cadmium to serum albumin 
The amount of cadmium attached to the serum albu-
min of chronically poisoned animals was detennined by dissolv-
ing a known weight of the protein in distilled water and there-
after treating it in the same fashion as for the urines. 
Samples of albumin from a normal monkey were treated simulta-
neously. Table 5 shows the results. 
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Determination of the amount of cadmium attached to serun 
albumin of nonnal and cadmium-poisoned monkeys 
Sample of 25 mg. * µg. Cadmitmi 
Serum albumin of 
nonna.l monkey• 2.12 
Se1'.1In albumin of 
poisoned monkey. 6.37 
• Values are a mean of three detenninations. 
There is, therefore, a nett difference of 
4.25 µ.g. of cadmium per 25 mg. of protein. 
For practical pw:poses the amount of cadmium attached 
to the protein was taken to be 0.2 µg. per mg. 
II 3. (iii) Distribution of cadmium in the tissues. 
Cadmitmi in the tissues was express~d in tenns 
of wet weight. Varying amounts of tissue were processed, 
depending on the size of the organ. The tissue, a:fter weigh-
ing, was cut into minute pieces and quantitatively transfer.red 
to a digestion flask with distilled water. On complete eva-
pora.tion of the water, the tissues were digested in nitric 
-38-
and sulphuric acid in the usual wey • Thereaf'ter, the deter-
.mi.nation was exactly as described for urine. 
Table 6 shows the values obtained for the monkey and 
those found in man(9G) and rabbits< 21 ). The data show a 
s:imilar pattern in all cases;in the cadmium worker and in 
rabbits, however, there was a greater divergence between 
the concentrations of cadmium present in the liver and ld.d-
neys (richest sources of' cadmium) and in the remaining tis-
sues than was observed in a chroncally-poisoned monkey. 
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TABLE 6. 
Distribution of cadmium in tissues 
i 
µg. cadmiunvg. of tissue (wet weight) 
Tissue 
Worker( 9G) Nonna.l ( 96) Ra.bbitl21J Monkev • 
Adrenals 24 0.42 4.4 -
Artezy (aorta) - - 1.9 29.3 
Brain 3.5 0.12 0.2 8.2 
Bone marrow 4.1 0.31 - -
Colon 20.0 0.29 2.4 10.6 
Epididymus and .54.0 0.63 1.0 10.9 
va.s de:ferens 
Gall-bladder 21.0 0.62 21. 7 29.2 
Bile 24.0 - - -
Heart 11.0 - 4.7 12.4 
Kidney cortex 150.0 14.0 38.0 
Kidney medulla 130.0 12.5 30.3 20.0 
Liver 160.0 2.0 84.0 38.7 
Lung 13.0 0.62 7.6 16.2 
Mesenteric :fat 11.s - - 13.2 
Skeletal muscle 7.1 0.09 0.01 18.6 
Pancreas 84.0 - 9.0 24.0 
Prostate 37.0 0.17 - -
Skin 4.0 0.16 - 3.8 
Spleen 55.0 0.35 3.2 12.5 
Stomach 32.0 0.30 4. 7 15.0 
Testis 3a.o 0.16 1.5 2.8 
Tongue 11.0 0.21 - 22.2 
Urinary bladder 30.0 0.31 6.7 22.0 
Vena cava. - 1.2 - 29.0 
• Present investigation. 
II 4. PREPARATION OF ALBUMINS 
Several methods were tried and compared to ensure 
that the prepared proteins were not artefacts of the ex-
perimental procedure. 
II 4. (i) The trichloroacetic acid method of Vallance-
Owen1 Dennes and Campbell ( 1958) ( 9a) 
This was a .roodified form of the procedure aet 
out by Debro, Tarner and Komer ( 1957) ( 99) and involved 
initial precipitation of the total protein in the specimen 
with an equal volume of 1 ~ ( w/v) aqueous trichloroacetic 
acid ( TOA) • The precipitate was then washed twice with 
~ (w/v) aqueous TOA and the supernatants discarded in each 
case. A 9$ (v/v) ethanol : 1% (w/v) TOA solution (3 times 
the volune of the original sample) was used to dissolve the 
albumin( 1oo). The denatured globulins were easily renx>ved. 
by centrifugation. The supernatant was subsequently dia-
lysed against several changes of distilled water until can-
pletely free of ethanol and then lyophilized. On prolonged 
dialysis a precipitate,which fonned initially, redissolved. 
The whole procedure was carried out in the cold. On the 
avvra.ge recoveries of 5.5-6~ were obtained. 
It was found that replacement of the ethanol with ace-
tone gave better preparations in maxzy instances, especially 
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where lipaemic sera were involved. As the pH of the TOA-
ethanol or TOA-acetone mixture was extremely low (! 2.0 -
3.5) and in the range where albumin molecules are known to 
dimerize( 101 ) it was advantageous to start the dialysis 
with o.o66 M potassium phosphate buffer, pH 7.0 and then 
revert to distilled water. 
Visking cellophane tubing had to be boiled for 30 - 40 
min. in distilled water prior to use in order to rezoove ex-
traneous substances and reduce the pore size, thus prevent-
ing the loss of low molecular weight protein. The tubing 
was found to contain a contaminating substance. This w.ill 
be discuased at a later stage of the thesis. 
II 4. (ii) The hydrochloric acid - ethanol method of 
Fernandez, Sobel and Goldenberg ( 1966) ( 102) 
This procedure was originally designed for the 
quantitative estimation of the concentrations of albumin and 
globulin 1n sera, but as the albumin remained undenatured, 
the method served as an excellent one for its preparation. 
The procedure was completed within 2 - 3 hr., gave a 80 -
9~ recovery and had the advantage of being perfonned at 
room temperature. 
0.5 ml. of serum was diluted to 2.5 ml. with physiological 
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saline (o.8~ w/v) in a 50 ml. centrifuge tube. 22.5 ml. 
of an :001-ethanol mixture (1 ml. cone. HCl plus 600 ml. 
absolute ethanol) was added dropwise from a burette with 
constant shaking. The mixture was left to stand for 30 
min. at room temperature to allow complete precipi ta.tion 
of the globulins which were subsequently centrifuged off 
and discarded. The supernatant, containing the albumin, 
was treated with 2.5 to 3.0 ml. of 0.2 M sodium acetate in 
absolute ethanol, and left at room temperature for 10 - 20 
min. before the precipitate was centrifuged down. This 
alb\Jilin precipitate was then washed with Bloor1 s reagent 
(3 volumes ethanol plus 1 volume ether) to remove traces 
of lipid, and finally dissolved in buffer for immediate 
use or in distilled water and lyophilized. 
This method was preferred as it eliminated the need 
for Visking tubing but was not suitable for specimens of 
urine or peritoneal dialysates where large volumes were 
involved. The presence of excessive amounts of heparin 
in the plasma also invalidated the fractionation as it 
caused precipitation of all the proteins in the first step, 
a technical drawback, not nonnally encountered. 
II 4. (iii) Zone electrophoresis 
Zone electrophoresis originally described by 
Tiselius and Flodin (1953)(10.3), was also employed for the 
preparation of albumin as this method did not involve the 
use of organic liquids or extremes of pH • 
.An inert supporting medium, in this case ethanolized 
cellulose, was used in column form and after application 
of the sample a potential difference was applied. The 
different proteins vvere separated according to their elec-
tric charge, and were then eluted from the column and col-
lected. 
Ethanolized cellulose was prepared by the method of 
CaJIJ?bell and Stone (1957)(104-). Appro:x:i.mately 300 g. of 
pure absorbant cotton wool was torn into small pieces and 
refluxed with lil375 ml. ethanol and 375 ml. acetyl chloride. 
After about 16 hr. the cotton wool suddenly disintegrated 
to give a white powder,y mass. The mixture was then refluxed 
for a further 4 hr. The ethanolized cellulose so obtained 
was washed several times in ethanol and then in distilled 
water before being dried in an oven at 80° to a fine white 
powder. 
A column 26 x 2 an. was used and 2 ml. dialysed se:run 
applied. The sanq:>le was run in to a depth of 2 - 3 an. 
before current was applied. The running conditions sirnu-
le. ted those of Flodin and Porath (1954)( 105) and Porath 





and 0.01,55 M NaHzP04), pH 8.6 and ionic strength 
0.05 was used for both suspension of the column and in the 
electrode chambers. The electrodes were a silver/silver 
chloride combination prepared by running a current of 40 -
5CIM through coils of silver v.,1.re connected to an anoaal 
pole, and placed in a 2M potassium chloride, 0.1M hydro-
chloric acid mixture. A platinum electrode was used for 
the cathode. A potential. difference of 16ov was applied 
to the cellulose column for approximately 40 hr. (Fig. 5). 
The proteins were eluted at 12 ml./hr. with the same buffer, 
and the eluate monitored through an ultraviolet absorptio-
meter (LKB Uvicord) set at 262 mµ (Fig. 6.A). Albumin 
being the most electro-negative protein in serum - with 
the possible exception of the preal.bumin oroscmucoid -
migrated farthest in the electrical field and was, there-
fore, the first protein to be eluted. 
dialysed and lyophilized. 
II 4. (iv) Pol.vetbylene glycol method 
The peaks were 
Another method used to check the albumin samples 
prepared by the TOA-ethanol or HCl-ethanol procedures was that 
described by Potgieter and Hines ( 1963) ( 107) and Potgieter 
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Serum was diluted to a protein concentration of~ 
(w/v) with o.ar phosphate buffer, pH 7.0, and the Y globulins 
and some oc and 13 globulins removed by precipitation with an 
equal volume of 2~ ( w/v in the above buffer) polyethylene 
glycol (P.E.G.). The supernatant was adjusted to pH 5.9 
with 0.5N acetic acid, thus precipitating the remaining oc 
and 13 globulins. P.En- was then added to the supernatant to 
give a final concentration of 20fo (w/v) and O.SN acetic acid 
added until the pH reached s.o. This caused precipitation 
of the remaining proteins (albumin and «
2 globulins), which, 
after removal of the supernatant, were dissolved in the 
starting buffer, and chroma.tographed on carboJcyID.ethyl cellu-
lose•. On gradient elution, the albumin could be separated 
t'ran the contaminating proteins. The starting buffer was 
o.o~ sodium acetate, pH 4.25, while the limiting buffer was 
0.15M sodium acetate, pH 5. 25. A 150 ml. mixing chamber 
was employed. The column was run at 15 ml. per hour, and 
the eluate monitored through an LKB Uvicord. with attached 
recorder. The albumin peak (Fig. 6B) was dialysed against 
• The c.:v.... cellulose was prepared for use by standing it 
for 30 min. in O.SN NaOH, washing with water to pH 8.0 
and then allowing it to stand in 0 • .5N HCl. After wash-
ing with water ( to pH 4.0) and several volumes of start-
ing buffer, the column was packed and allowed to equili-














PREPARATION OF ALBUMIN. 
A. 
ALB. 
5 10 15 20 
B. 
P.E.G. ALB. 
5 10 15 20 
FRACTION NO. 
A. ZONE ELECTROPHORESIS. TRACE OF COLUMN EFFLUENT. 
B. CARBOXY METHYL CELLULOSE. TRACE OF COLUMN EFFLUENT. 
distilled water in the cold room (1°). 
n 4. (v) Purity of the albumin preparations was checked 
before any :f'Urther studies were carried out. This was done 
by the following two methods ( these will be described in de-
tail in a later section). 
(a) Electrophoresis on cellulose acetate at pH 
8.6(109). Preparations showing only a 
single band as in Fig. 7A were considered 
pure. 
(b) Immunoelectrophoresis on agar gel at pH 8.,4., 
Using a polyvalent antiserum< 110). Fig. 7B 
shows the single precipitin arc of purified 
albumin. 
Michael ( 1962/ 111 ) described the antigenic and pbysico-
chemical properties of albumin prepared by organic solvents 
and found them to be unchanged. On this basis, the special-
ized studies carried out on the albumins prepared as described 
above and the conclusions drawn were considered to be legitimate. 
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FIG. 7 
TESTS FOR ALBUMI PURITY. 
A B C D 
CELLULOSE ACETATE ELECTROPHORESIS. 
J... TCA ETHANOL METHOD. 
B. HCl ETHANOL METHOD. 
C. ZONE ELECTROPHORETIC METHOD. 
D. eE.G. - CM CELLULOSE METHOD, 
A B C D 
IMMUNOE LECTROPHORE SIS. 
( A. NORMAL MONKEY WHOLE SERUM. B. TCA ETHANOL ALBUMIN. 
C. NORMAL MONKEY WHOLE SERUM. 
D. HCl ETHANOL ALBUMIN. 
II 5. EXPERIMENTS WITH VISKING- TUBING-
1"ring the early course of the study of the purified 
albumins on dextran gels (cf'. Fig. 16) a contaminating sub-
stance, having a molecular weight ranging widely about 5,000 
was frequently found. This material vdl.ich was biuret posi-
tive and absorptive at 280 mµ (Fig. BA) was finally traced 
to the Visking cellophane dialysis tubing. 
It was important to remove this material fran prepara-
tions as it could interfere with the studies on minia.lbumin. 
It was easily extractable on boiling with 1% (w/v) sodium 
carbonate (Fig. 8B) which is nonnally used to remove fatty 
acids. Soaking the tubing in bile salts, mich emulsify 
fats and lipis, had the same effect. 1% ( w/v) solutions 
of sodium deo.xycholate and sodium taurocholate were used 
(Fig. SC and 8D respectively). Ethanol and acetone., em-
ployed in the preparation of albumin, and ether were, there-
fore, tested and were also effective in removing some of 
this material, as seen in Fig. 9. Ethanol was not as good 
a solvent for the contaminant as acetone and, thereafter., 
was preferred for albumin preparation. 
In all cases equal weights of tubing and equal volumes 
of diffusate were co!I!Pared. The internal and external 
surfaces were conpared and it was shown that more of this 
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Just as the removal of this contaminant was important 
to our work, so was the effect it had on the pore size of 
the tubing if we were not to lose minialbumin through dia-
lysis. Lysozzyme, which between pH 5.0 and 9.0 occurs al-
most exclusively as a dimer of M.W. 29,000 :t 100<112), was 
used to check the pore size. A lysozyme solution in 0.1M 
phosphate buf'fer, pH 6.24 was placed inside the treated 
visking tubings and dialysed against the saroo buffer over-
o night at O c. Aliquots of the diffusate were then tested 
for activity by following the rate of lysis of Micrococcus 
lysodickticus spectrophotometrically. The assay method 
used was that of Shugar (1952)(113). Fig. 10A shows a 
typical example of an assay on the di:ffusate surrounding 
treated tubing, which indicated an increased pore size. 
Untreated, unboiled tubing, and tubing boiled for 45 min. 
in distilled water did not allow the passage of lysozyme 
into the surrounding medium (Fig. 1 OB and C respectively). 
However, tubing boiled in water after treatment, with Na2co3 
or bile salts \\as still porous to the lyso.zyme di.mer. 
This led to the conclusion that the materials removed by 
the various treatments described above were actua.J.ly part 
of the structure of the sac. This observation was sub-
stantiated by fluorescent studies on the sac, and the sol-
vents, before and after treatment. There was a gradual 
decrease in fluorescence of the sac, on successive extrac-
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fluorescent value. 
In the light of these findings dialysis tubing was 
avoided as much as possible. Where there was no alter-
native only tubing that had been boiled in distilled water 
for 30 - 40 min. was employed. 
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II 6. SEPARATION OF .ALBUMINS OF DIFFERING MOLECULAR 
WEIGHT 
With the advent of dextran gels, albumins of diff'ering 
molecular size, which had previously only been detectable by 
ultracentrifugation(10, 21 ), could readily be separated fran 
one another. 
II 6. {i) The cross-linked dextran gels behave as a molecu-
lar sieve, their porosity (a function of the degree of cross-
linka.ge) detennining the degree of separation of different 
sized molecules. Larger molecules that cannot enter the gel 
pores, pass through the dextran bed more rapidly than their 
smaller counterparts which are trapped and thus retarded. 
This technique of gel filtration was first introduced in 
Uppsala, Sweden, by Porath and Flodin(114) in 1959, when 
they used this dextran, termed Sephadex, to separate ammonium 
sulphate from serum albumin. 
A wide range of Sephadex is available and is graded ac-
cording to its degree of cross-linkages. Sephadex G75, 
with an approximate exclusion limit of 50,000 M.w., was the 
most suitable for oui, purposes. Normal serum albumin of 
M.w. 66,000 would be excluded, while albumin of a lower 
molecular weight would be retained and separated fran it. 
Haemoglobin (M.w. 67,000) is well separated from myoglobin 
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(115) (M.w. 17,000) on such a column (Berman and Kench, 1963 ). 
II 6. (ii) Packing of the column 
It was essential that the gel was unifo~ 
packed as the separation volume was small when compared with 
the bed volume. Packing was effected in the following man-
ner. Sephadex G75 (bead fonn) was allowed to swell for 24 
hr. in a large volume of distilled water. The water was then 
decanted and replaced by o.o68i1 potassiun phosphate buffer, 
pH 7.0 containing 0.2M sodium chloride. The gel was washed 
several times in large volt1nes of this buffer. A glass col-
umn, fitted with a sintered glass disc at the base, and free 
from all traces of dust or grease, was then almost filled with 
a weak slurr,y of the gel. A funnel was attached to the top 
of the column and also filled with the gel suspension, which 
was then continuously agitated with a mechanical stiITer 
(Fig. 11). After approximately 111 to 11" of gel had settled 
on the bottom, the outlet was opened and the column allowed 
to drip at a slow rate {not more than 10 ml./hr.) until ccan-
pletely packed. Several bed volumes of buffer were plllig?ed 
through the column to equilibrate it before use. It was 
found that columns drawn sharply to a narrovr outlet tube gave 
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Further details of 0011.mln dimensions and running procedures 
will be described under individual separations. Once it 
became apparent that the salt concentration in the Sephadex 
colUI!Ul played a major role in the II a.ggrega tion phenomenon 
of minialbumin" (described in detail in a later section) it 
was kept constant at 0.2M NaCl. For the same reason., urea 
was incoiporated into the column bu:C:fers during the latter 
period of the study. 
II 6. (iii) Estimation of the molecular weights of the 
albumins by gel filtration. 
The molecular size of proteins can be estimated 
fran the rate at which they are able to pass through the dex-
tran gel. This principle was first demonstrated by Flodin 
( 1962) ( 116) and later by Whitaker ( 1963) ( 117) who showed that 
there is a linear correlation bet·ween the logarithm of the 
molecular weight of a protein and the ratio of its elution 
volume (Ve = the volume at which the particular protein is 
eluted) to the void volume {Vo = the elution volume of.' a 
solute known to be con;,letely excluded from the gel grains)., 
i.e. log M.w. ~ Vo/Ve. 
This :formula appeared to apply irrespective of.' the con-
centration of the protein or column size., and need only be 
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disregarded when there is complex formation between the 
actual gel and the protein. 
It was, therefore, possible to 'mark' a column of 
Sephadex with substances of kn.mm molecular weight, and 
fran this approximate the size of unknown molecules. 
This was neoessar,y where the albumin of cadmium-poisoned 
animals was concerned, as molecules of different size were 
found. It was carried out essentially according to the 
( 118) method of Andrews (1964) • 
A column of Sephadex G75, 42.0 x 1.8 cm., prepared 
and packed as described earlier, was used. The buffer 
system was o.o6€M potassium phosphate, pH 7.0 containing 
o. 2lf sodium chloride, and the markers employed were nor-
mal human serum albumin (Mol. wt. 66,000), lysozyme dimer 
(Mol. wt. 29,000), cytochrome c (Mol. wt. 13,000) and 
coproporpeyrin (Mol. wt. 500 - 600) • 
The freeze-dried samples, dissolved in a small volume 
of the column buffer, were loaded by careful layering onto 
the just damp surface of the column, and allowed to run in. 
The column surface was then washed twice with 1. 0 ml. of 
buffer, before a head of pressure was applied and pumping 
begun. Buffer was pumped through at an even rate of 13.5 
ml. per hr. and the effluent was monitored through an ultra-
violet absorptiometer set at 262 ~l (LICB Uvicord) and 
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automatically recorded. Fractions were collected, and the 
volume at which the marker first ma.de its appearance care-
fully noted. Each marker was run separately. Figure 12 
shows the graph obtained when the logarithm of the molecular 
weight was plotted against the elution volume. 
Albumins, isolatEid from the sera and urine of cadmium-
poisoned animals, were separated under similar conditions, 
and their molecular weights estimated from the above graph. 
The large molecules were found to be no different :fran human 
albumin in size, while the small molecules - minialbumin -
occurred in a range of molecular weights varying from about 
5,000 to 20,000. Sera. showed a predominance of a 101 000 
size molecule, while the 20,000 M.W. fragment occurred al-
most exclusively in the urine. 
Figure 13 illustrates the separation of the serum albu-
mins prepared by the different methods described and Figure 
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II 7. THE mREOI' EFFECT OF CID1IUM ON BIOOD1 SERUM 
.AND SERUM ALBUMIN OF THE MONKEY 
Considering the to.xici ty of cadmium and its acidity 
in solution., it was not inconceivable that such a metal could 
have a direct hydrolysing effect on proteins. However, the 
following experiments proved this was not the case. 
II 7. (i) Direct effect of cadmium on blood 
Six ml. of blood were withdrawn from the saphenous 
vein of a nonnal unpoisoned monkey and mixed with o. 5 ml. of 
heparin. Three ml. of cadmium chloride solution., containing 
2 mg. cadmium/ml. were added dropwise with constant mixing 
(i.e. the same concentrations as for the injection). The 
mixture was the..,incubated in a water bath at yf with gentle 
agitation for 60 min. Thereafter., the cells were removed by 
centri:f'ugation and the plasma albumin prepared by the TOA-
acetone method of Vallance-Qwen ( 1958) ( 98). This albumin 
was run through a Sephadex G75 column as described earlier. 
The trace obtained is shown in Figure 15A. 
that no minialbumin was present. 
It is evident 
II 7. (ii) Direct effect of' cadmium on serum 
Blood was withdrawn f'ran a nonnal unpoisoned 
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monkey in the usual manner and immediately centrifuged to 
remove the cells. Three ml. of the serum so obtained was 
sterilized by passage through a millipore filter (as described 
for the preparation of antisera) and transferred into each 
of 2 sterile containers. To one was added 7.5 µg. cadmium 
in peysiological saline (the approximate concentration of 
cadmium in the se:run following a nonna.l dose) and an equal 
volume of peysiological saline was added to the other which 
served as a control. The samples were incubated in a water 
bath at 37° f'or 48 hr. with constant gentle agitation. 
Thereafter, albumin was prepared from both by the TOA-acetone 
method.( 98) and monitored through the Sephadex G75 column. 
The records (Fig. 15 Band C) show a complete absence of 
minialbumin. 
ll 7. (iii) Direct effect of cadmium on serum albumin 
This was done in exactly the same way as for 
the whole serum, using an albumin solution of 40 mg./ml. 
(i.e., the concentration of albumin in serum). Again no 
traces of minialbumin could be detected (Fig. 15D). 
-57-
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II 8. THE ORIGIN OF MINI.ALBUMIN 
II 8. ( i) Peritoneal dialysis of the monkeys 
Previous work ( Gain and Kench, 1965( 11 9) and 
Gain, 1966( 66)) in this laboratory indicated that the mini-
albumin of cadmium poisoning arose in the liver. This 
was demonstrated by a rise in the amounts of circulating 
mini.albumin following booster doses of cadmium in an ani-
mal v.hich had undergone bilateral nephrectomy. Experiments, 
designed to show the presence of rninialbumin in the circula-
tory system of an animal with intact liver and kidneys before 
its appearance in the urine, were deemed necessary to substan-
tiate this evidence. 
Peritoneal dialysis afforded an excellent means of 
detecting the circulating albumins and was conducted in the 
following way. Indwelling teflon catheters were surgically 
inserted into the peritoneal cavity of the monkeys while 
under pentothal anaesthesia (2 ml. of 2.~ aqueous sodium 
pentotbal given intravenously). The dialysis fluid used 
was sterile, non-pyrogenic lactate Ringer's solution con-
taining 130 meg. Na+/1., 4.0 meq. K+/1., 2. 7 meg. Ca++/1., 
109 meq. Cl-/1., 28 meq. lactate/I., 1 mg. bisulphide/1. 
and 1.5% ( w/v) glucose. The fluid was run in and out of 
the peritoneal space under gravitational influence. In 
most cases the dialysis was continued for 30 to 45 min. 
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periods, and was performed under strictly sterile conditions. 
Dialysates were immediately centrifuged in the cold to 
remove cells, and aliquots taken for the determination of 
electrolyte concentration. It was found that sodium and 
chloride values were reduced { 50 - 120 meq./1. and 30 - 80 
meg./1. respectively) while that of potassium was elevated 
( 7 - 10 meg./1.). The pH of the outflowing fluid, collected 
anaerobically in sealed capillary tubes, was measured inmedia te-
ly and after exposure to the atmosphere. {120) The Astrup tech-
nique was used, and the average value for the initial measure-
ment was pH 6. 98. This dropped to an average value of 6.87 
after standing exposed to the air for approximately 10 min. 
The fall of pH due to glycolysis was not such as to vitiate 
our f'Urther studies of the albumins present. 
Preparation of albumin from the dialysate was essentially 
by the method of Vallance-owen et al ( 1958) ( 98). However, 
because of the large volumes, the initial precipitation was 
with 50}& {w/v) aqueous TC.A to give a final concentration of 
~ {w/v) TOA. Thereafter, the procedure was unchanged. 
The isolated albumins were then monitored through a Sephadex 
G75 colunn. 
Animals were dialysed after the initial and each succes-
sive dose of cadmium to check for the presence of circulating 
mi.nialbumin. At the same time urine was tested daily for 
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protein. It was consistently found in several different 
monkeys that circulating minialbumin appeared after the 
animals had received 25 - 30 mg. cadmium (i.e. 10 - 12 mg. 
weekly for 2 to 3 weeks) while minialbuminuria only became 
apparent 6 to 7 weeks after initiation (i.e. after 60 - 90 
mg. of cadmium had been injected). This sequence of events 
is assured, however, only if the poisoning regime is steadi-
ly maintained. 
The dialysates of normal unpoisoned animals contained 
albumin of molecular weight 66,000 only, whilst in those 
of cadmium-poisoned animals albumins of molecular weight 
10,000 to 20,000 were also present (Fig. 16). 
In an attempt to determine the peak of minialbumin 
production following a cadmium dose, an all day dialysis 
wus programmed. Six mg. of cadmium was given intravenously 
prior to catheterization and dialysis was started 30 min. 
after the injection. .500 ml. volumes of fluid were used 
and these were exchanged at half-hourly intervals for the 
first two hr. and at hourly intervals for the following 
four hr. The animal was kept under very light anaesthesia 
and maintained on a 5/o(w/v) glucose di•ip throughout the 
course of the experiment. 
Albumins were prepared from the dialysates(9B) and run 
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the peak of minialbumin production to be 1f to 2 hr. after 
the cadmium injection. After 6 - 7 hr. this level of cir-
cu.lating minialbumin had dropped to practically nothing. 
It was considered necessary to ascertain whether or 
not cadmium had a direct effect on the peritoneum. Anjroals 
were, therefore, dialysed prior to and following on a cadmium 
dose. Monkey K received 6 doses of 6 mg. cadmium each at 
3 - 4 day intervals and was then allowed to rest for 7 days 
before the start of this experiment. 
The animal was initially dialysed with 500 ml. of fluid 
for a 30 min. interval. Fif'teen min. after the commence-
ment of the dialysis, a 5 ml. sample of blood was withdrawn 
from the left leg vein. On completion of the dialysis a 6 mg. 
dose of cadmium was administered intravenously into the right 
leg of the animal. Forty-five min. later the second dialysis 
was commenced and again a blood SaJ!q'.lle was ta.ken from the left 
leg after 15 min. 
The samples collected were immediately treated by the 
TOA-ethanol methoaC 9B) and the albumins monitored through 
Sephadex G75. It can be seen (Fig. 18A and c) that there 
was a small quantity of circulating minialbumin present fol-
lowing a long resting period vvhich suggested that the cad-
mium has a I real' rather than temporary direct effect. The 
booster dose increased the amount of' this minialbumin several 
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Once the animals became proteinuric this technique was 
abandoned as then most of the m:i.nialbumin disappeared frcm 
the circulation, being presumably lost by renal clearance. 
However, a small amolUlt of mini.albumin is apparently alvmys 
present in the circulating blood of poisoned animals. The 
work described in this section has already been published 
(Kench and Sutherland, 1966( 121 )). 
II 8. {ii) The production of serum mini.albumin 
The production of serum mini.albumin in a monkey, 
nev1ly poisoned with cadmium but not proteinuric, was also 
followed by withdrawal of blood from the saphenous vein of 
the lower limb at intervals varying from! to 5 hr. after 
a dose of' 6 mg. of cadmium. Four ml. blood samples were 
taken and allowed to clot. Albumin was prepared from the 
serum by the HCl-ethanol methoi 102) and an equal quantity 
of protein from each sample cycled through a Sephadex G75 
column (42 x 1.e cm.), in 0.06€:M phosphate buffer, pH 7.0 
and 0.2M NaCl. The quantity of protein under the curves 
was estimated spectrophotometrically by the Warburg and 
Christian method{ 122), and mini.albumin expressed as percen-
tage of the total albumin. The graph in Fig. 19 shows an 
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If a chronically poisoned animal was used, the fall in 
circulating minialbumin was much sharper and occurred sooner 
(Fig. 19). 
Il 8. (iii) ApPearance of minialbumin in the urine 
Minialbumin was first detected in the urine 3 -
4 weeks following its appearance in the circulatory system 
as described earlier. However, it appeared concurrently 
with albumin of normal size which was not the case with 
cadmium-poisoned men( 1o). At the onset of detectable 
proteinur.i.a there was a far greater amount of the smaller 
protein (Fig. 20A), while chronically poisoned an:i.mals ex-
hibited a larger percentage of normal size albumin (Fig. 20B). 
The quantity of albumin in the urine on 5 successive daysfol-
lowing a pulse dose of cadmium fell steadily, but not so 
rapidly as in the serum. Figure 21 shows the effect. 
Proteinuria could be abolished during its very early 
stages by stopping the cadmium injections. However, once 
the animal became chronically poisoned, small amounts of 
minialbumin were excreted even in the absence of regular 
dosages of cadmium. 
In all cases urinary albumin was isolated as described 
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II 8. (iv) Correlation between excretion of minialbumin 
and excretion of cadmiu111 
Smith, Kench and Lane( 63) found that the cadmium 
and total excreted protein in the urine of industrial workers 
e:xposed to cadmium varied independently. The tu"inary excre-
tion of cadmium was proportional to creatinine excretion, 
which implied glomerular filtration as mechanism for elimina-
tion of the metal (Smith and Kench, 1957' 11 )). More recently, 
Axe ls son and Pisca tor ( 1966) ( 33) claim to have shown that the 
excretion of cadmium in the urine of rabbits was significantly 
correlated with the function of the pro:x:i.mal tubules. 
In order to discover whether there was arzy correlation 
between the excretion of cadmium and albumin in chronically 
poisoned monkeys, the quantities of cadmium and minialbtmti.n 
excreted daily, following a pulse dose of 6 mg. cadmium, vvere 
measured and compared. 
Cadmium was detennined by the method of' Smith et al (1955)( 63) 
as described., and the albumins were prepared by the Vallance-
Owen et al (1958)( 98) method. Identical conditions for the 
isolation of' the albumin were used for each sample and simi-
lar total percentage recoveries were assumed. The minialbumin 




Figure 4 shows the fall off in cadmiun1 excretion to 
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II 9. STUDIES TO ASCERTAIN WHETHER MINIALBUMIN W.AS 
.AN ARTEFACT 
II 9. (i) Effects of anticoagulant on minialbumin production 
Heparin, a highly sulphatedmucopolysaccharide(123), 
similar to ohondroitin sulphate, and used as the anticoagulant 
in the administration of the cadmium, could conceivably play a 
role in minialb\.llllin production and had, therefore, to be tested. 
Its "in vitro" effect was checked by incubating isolated 
serum albumin, obtained from a nonnal monkey, with a volume of 
heparin equivalent to the amount nonnally injected. This was 
done under sterile conditions at yf' for 16 hr. This albumin, 
cycled through a Sephadex G75 column, showed no small molecules. 
An "in vivo" effect was eliminated by injecting heparin 
alone and by using different anticoagulants. Heparin ( o. 5 ml. 
5,000 I.U./ml.) on its own did not induce a rise in the circu-
la ting mini albumin. The alternative anticoagulants, sodium 
citrate and ethylene diamine-tetracetic acid (EDTA) gave results 
indicating that heparin was not responsible for production of 
minialbumin. 0.5 ml. of' a 3.~lo (w/v) solution of the monobasic 
sodium citrate salt was used, while 0.94 mg. EDTA was added per 
ml. of serum - this being the amount calculated for total che-
lation of the calcium, lead and cadmium ions present. 
D..tring this stuczy it was noticed that EDTA apparently gave 
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rise to relatively larger quantities of minialbumin. This 
phenomenon was :further investigated and will be discussed 
under 'Aggregation• studies. 
II 9. (ii) The possibility of degradation on Sephad.ex 
columns 
It was necessary to be sure that the smaller 
albumin was not being produced by fragmentation on the ac-
tual Sephad.ex column. Successive recycling of nonna.l monkey 
albumin on the same column was the most effective test. 
This was initially done by collecting the protein peak, dia-
lysing it against distilled water, freeze-drying it, and 
then running it again through the column. This procedure 
was repeated 3 to 4 times on the same protein sample. It 
was partially through this that the contamination from the 
Visking tubing - as described earlier - was discovered. 
Subsequently, salts were removed by fractionation on a 
Sephadex G10 column ( 42 x 1. 8 cm.) , packed and equilibrated 
(in distilled water) as described in the earlier section. 
The presence of salts in the effluent was tested for as 
follows: 
(a) Chloride. The aqueous solution was acidi-
fied with dilute nitric acid. The formation 
of a white precipitate on the addition of 
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silver nitrate to this is indicative of 
f hl . a.e< 124) the presence o c ori • 
(b) Phosphate. This f onned a yellow granu-
1ar precipitate on slight heating in the 
presence of an excess of am,.mnium molyb-
date and nitric acid( 125). These tests 
were not carried out quantitatively. 
Figure 22 shows the separation of protein from inorganic 
ions on a Sephadex G-10 column. The Sephadex fractionation 
was effective and success:f'ully eliminated any contact with 
dialysis tubing. When it was done, no small molecular weight 
substances were fowid (Fig. 23), showing that .mi.'lialbwnin ,vas 
not a column effect. 
0 0 Columns run at O and 20 gave identical patterns indi-
cating that ternperature did not play any part. 
Minialbumin was likewise treated as described above. 
Again desa.l ting was performed on a G1 0 column. The records 
in Fig. 24 show that some nozmal size albumin appeared with 
each successive run. In each case only the small-sized al-
bumin was recycled. This phenomenon inexplicable at the 
time the experiment was conducted, can now be accounted for 
in tenns of aggregation of' the minialbumin and will be dis-
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RECYCLING OF MINIALBUMIN 
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II 9. (iii) Tests for production of mi.nialbumin by proteo-
lysis of normal serum albumin 
The possibility that h;ydrolytic processes.,occur-
ring during the isolation and purification of the albumin 
samples, were responsible for the presence of the small mole-
cular weight moiety could not be overlooked. At the pH used 
in these experiments, trypsin was the most likely enzyme to 
be active. Hence, the use of trypsin inhibitor to check 
this. 
Samples of serum, obtained from both a nonna.l monkey and 
a poisoned. monkey were divided into two. In each case, one 
of the two was treated with trypsin inhibitor (obtained from 
Soybeans, Seravac Laboratories., Cape Tovzn) in concentrations 
I ( 126) of 3 µg. ml. serum • Albwnins were then prepared by the 
HCl-ethanol methoi 102) and cycled through Sephadex G75. 
Figure 25 shows the records. It is evident that there was 
no difference between them, and that mi.nialbumin was not the 
result of tryptio breakdown. 
As a further method of checking, z amino caproic acid, 
which has been shown to be a suitable stabilizer against 
spontaneous proteolysis<127) was used. Its effect< 128, 129) 
in concentrations of not less than o.o€M was to inhibit non-
competitively the proteolytic action shown by plasmin or 
trypsin. It also exhibits no toxic or noxious effects. 
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Addition of f amino caproic acid had no measurable effect on 
the fonnation of minialbumin. 
On the basis of these results it was vecy unlikely that 
minialbumin arose by proteolytic breakdown during isolation 
of the albumin :fraction. 
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FIG. 25 























40 80 120 160 
EFFLUENT VOLUME IN ML. 
A. NORMAL MONKEY ALBUMIN. a CADMIUM POISONED MONKEY ALBUMIN. 
C. NORMAL MONKEY Al.ElJMIN WITH TRYPSIN INHIBITOR. 
D. CADMIUM MONKEY ALBUMIN WITH TRYPSIN INHIBITOR. 
SEPHADEX G 75 IN 0-0GSM PHOSPHATE pH 7·0 + 0-2M NaCl. 
COLUMN = 42 x MCMS. FLOW RATE : 15 ML. PER HOUR. 
II 1 o. PRELIMINARY STUDY OF THE EFFE01' OF C.A.llITUM 
ON GLOBULINS 
Electrophoretic studies on the serum proteins of 
cadmium-poisoned monkeys, as compared with nozmal monkeys 
(as described earlier in the test) showed a decreased Y 
globulin concentration. 
on this effect. 
II 1 o. (i) Serum. 
Preliminary studies were made 
Y globulins were separated from the 
sera of' nonna.l and cadmium-poisoned animaJ.s by the rivanol 
methoi 130) • This procedure involved seleoti ve precipi-
tation of the serum proteins with aqueous rivanol (2 etho~ 
2,9 diamino acridine lactate) and subsequent removal of the 
rivanol with activated charcoal. The method, modified by 
Kistler, Nitschmann, Wyttenbach, Studer, Niederost and 
Mauerhofer (1960)(131), was carried out according to the 
following steps: 
( a) The pH of the serum was adjusted to 
9.4 with 0.1N NaOH. 
{b) 3.5 ml. of a o.}#c (w/v) aqueous rivonal 
solution was added dropwi.se, with con-
stant mixing, for evecy 1 ml. of serum. 
{c) The pH was adjusted again to 9.4 with 
0.1N NaOH. 
-71-
( d) The mixture was allowed to stand for 1 
hr. during which time precipitation 
occurred. 
(e) The clear supernatant, containing the 
Y globulins, was removed by decantation 
after centrifugation. Activated char-
coal was added to the supernatant, with 
constant stirring until the rivanol was 
ccmpletely adsorbed. (An excess of 
charcoal will greatly reduce the yield 
of Y globulin). 
(f) The charcoal was subsequently removed by 
filtration, using Whatman No. 1 paper, 
and well washed with o.~ (w/v) saline. 
This washed off only the adsorbed pro-
tein. The filtrates were combined and 
lyophilized. 
The purity of the product was checked by electrophoresis 
on cellulose acetate(1o9), which showed the Y globulin frac-
tion to be contaminated with transferrin. This, being of 
large enough ioolecular weight (90,000) not to interfere with 
the present studies, was not removed. 
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This method, certainly not the best for the preparation 
of Y globulin, was chosen because of its simplicity and the 
rapidity with which it could be completed. Other more pre-
cise procedures involved ion exchange chromatography and the 
use of dialysis tubing. 
The isolated Y globulins were cycled through Sephadex 
G75 columns, containing O.a! sodium chloride and 2" (w/v) 
urea, to check for the presence of molecules of 20,000 Mol. 
wt. and less. There was some small molecular weight mate-
rial present, but it was common to both the nonnal and 
poisoned monkeys. Further studies on this small molecular 
weight fraction were not undertaken. 
II 10. {ii) Urine. Y globulins were also isolated tran 
the urine of chronically poisoned, proteinuric animals. 
This was done by initial precipitation with amnonium sulphate 
to~ saturation at o0 • The precipitate was dialysed free 
of salt with successive changes of cold distilled water and 
then freeze-dried. Subsequent purification was on diethyl-
aminoethyl cellulose (IE 32 microgranular fonn) with elution 
chromatography using a salt gradient. 
The cellulose was prepared by washing successively in 
0.5N eydrochloric acid in 96;b {v/v) aqueous ethanol, with 
water to pH 4, in O.!ii sodium hydro:xide, and in water to 
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pH a.o. The cellulose was then washed in several volumes 
of starting buffer before being packed into a column using 
the funnel method .• The column was equilibrated and the 
sample was dialysed against the starting buffer overnight. 
A starting buffer of o.01N tris-HCl, pH 8.o, and a 
limiting buffer of 0.30N tris-HCl, pH 8.0<132) with a linear 
gradient and a total volume of 11. over 1 6 hr. were employed. 
The effluent was passed through a Beckman Spectrochrom ana-
lyser model 135, and the optical density at 260, 280 and 
410 mµ automatically recorded. The peaks identified as 
Y globulin on cellulose acetate electrophoresis were com-
bined and rechroma.tographed on Sephadex gel G75. There 
was apparently a range of molecular sizes present, and the 
results were decidedly inconclusive. 
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II 11. ACUTE cma:UM POISONING m RATS 
Short term experiments to examine the in vivo effects 
of cadmium on albumin metabolism were carried out, by acutely 
poisoning rats< 121 ). The method of administration of the 
cadmitun has already been described. 
Ra.ts were killed at 01 40 1 90 1 180 and 144.0 min. inter-
vals ai'ter a single intraperitoneal injection. Control ani-
ma.ls, injected with saline, were killed at 60 min. Killing 
was perfonned by holding a heavy rod against the neck of the 
animals, and then strongly jerking the animal upwards by the 
tail, thus breaking the neck. Blood was withdravm immediately 
from the aorta and hepatic portal vein with a syringe; and the 
liver and kidneys dissected as quickly as possible and placed 
in cold physiological saline ( o. 8,:% w/v). The effects of cad-
mitun on the serum and tissues are discussed below. 
II 11. (i) Serum. 
After clotting, serum was isolated by centrif'uga-
tion and albumin prepared from it by both the TCA-ethano1(98) 
and the HC1-ethanol( 102) methods. The purified albumins were 
passed through Sephadex G-75 , and Fig. 26 shows the records 
obtained. A peak of minialbumin appeared an hour and a half 
after the cadmium dose. This seemed to indicate that cadmium 
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FIG. 26 




























40 80 120 160 
EFFLUENT VOLUME IN Ml. 
A. CONTROL. B- F. ANIMALS KILLED AT 0, 40, 90, M, 1440 MINUTES. 
SEPHADEX G 75 IN 0·066M PHOSPHATE pH 7·0 .. 0·2M NaCl. 
COLUMN: 42 x1·8 CMS. FLOW RATE : 15 Ml. PER HOUR. 
sanehow interfered with the synthetic process, or with the 
newly fonned and liberated albumin. After 24 hr. there 
was a complete absence of mi...."lia.lbtml:in suggesting that the 
effect of cadmium in acute poisoning was in fact short-
lived. 
The whole sera, obtained at the various time intervals, 
were electrophoresed on the Analytrol(BG) machine as descri-
bed Wlder general biochemical investigations. 
The scans of the electrophoretic patterns are shown in 
Fig. 27. A distinct pre-albumin fraction was evident at 
90 min. , but had markedly fallen 180 min. 3fter the injec-
tion. As this pre-albumin appeared and disappeared con-
currently with the mini.albumin, it was decided to detenuine 
whether or not they were the same protein. However, the 
difficulty of isolating enough of this material led to in-
conclusive results on this issue. It was also notable that 
the electrophoretic spread of animals poisoned with cadmium 
was markedly less than the normal. 
II 11. (ii) Tissues. 
Tissues were washed initially several times 
in cold physiological saline and then :fractionated essen-
tially by the method of Wust and Novelli (1964)( 133). As 
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FIG. 27 





A. CONTROL-SALINE. 8. KILLED AT O MINS. 
C. KILLED AT 40 MINS. D. KILLED AT 90 MINS. 
E. KILLED AT 180 MINS. F. KILLED AT 141.0 MINS. 
active microsomes were not required, a 0.066 M phosphate 
buffer at pH 7.0 and containing 0.2M sodium chloride was 
the chosen medium. The tissues, cut into small pieces, 
were suspended in the above bu:ffer, and homogenized in a 
Potter Elveyn glass homogenizer. Centrifugation at 10,000 
g. for 20 min. removed the cell debris., while continuing 
for 90 min. at 105,000 g. removed membranes., mitochondria 
and ribosomes. 
The clear supernatant - the soluble fraction of the 
cell - was treated by the TCA-ethanol( 9a) and HCl ethanol 
methods( 102) for the preparation of albumin. The isolated 
proteins were fractionated on Sephadex gel G75 in the nonnal 
fashion. Figs. 28 and 29 show the record for liver and 
kidney albumins respectively. 
It was of especial interest to note the presence of 
mi.nialbumin in the tissues of normal animals. Injection 
of cadmium caused an increase in this minialburnin., most 
marked at 90 min.., and a slight proportional decrease in 
the albumin of normal size. The effect in the kidney ap-
peared to outlast that in the liver. 
II 11. (iii) Urine. 
The only specimen of urine large enough for 
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FIG. 28 
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EFFLUENT VOLUME IN ML. 
60 
B- F ANIMALS KILLED AT 0, 40, 90, 180, 11..l,O MINUTES. 
SEPHADEX G 75 IN 0·066 M PHOSPHATE pH 7·0 + 0·2M NaCl. 
COLUMN = 16 x 1·6 CMS. FLOW RATE:1ei ML PER HOUR. 
analysis was that obtained for the series of rats killed at 
24 hr. The urine collected was filtered and then tested 
for proteinuria with TOA, salicyl sulphonic acid, and by 
boiling as described earlier. These were all found to be 
negative, indicating that a single dose of cadmium did not 
have such immediate direct effects on tissues as to give 
rise to proteinuria. 
II 11. (iv) Characterization of rat mini.albumin 
(a) Antigenic studies: Both the imnunoelectro-
phoretic and double diffusion techniques performed exactly 
as described (II 12. (vi)) were used. The minialbumins of 
serum, liver and kidney had similar mobility and antigenicity 
to nonnal rat serum albumin on electrophoresis and immune-
diffusion with a polyvalent antiserum( 11 o) (Fig. 30A). On 
Ouchterlony( 134) plates the minialbumins displayed a reaction 
of identity with norma1 serum albumin (Fig. 30B). Only 
multivalent antiserum was used and this was prepared and test-
ed for titre as described ( under II 12. (vi)). 
(b) Amino acid analysis: The techniques involved 
were those described (II 12.(iii)). The overall composition 
of nonnal rat serum albumin was found to correspond closely 
with values obtained by other workers( 135,136, 137) as is shown 
in Table 7. 
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FIG. 30 
CHARACTERIZATION OF RAT ALBUMINS. 
C D 
IMMUNOELECTROPHORESIS. 
A. NORMAL RAT WHOLE SERUM. 
8. CADMIUM RAT NORMAL ALBUMIN. 
C. NORMAL RAT WHOLE SERUM. 
D. CADMIUM RAT MINIALBUMIN. 
' OUCHTERLONY PLATE. b 2 1. Cd RAT SERUM NORMAL ALBUMIN . 
2. Cd RAT SERUM MINIALBUMIN . 
3. Cd RAT LIVER NORMAL .ALBUMIN. 
s 4. Cd RAT LIVER MINIALBUMtN . 3 5. Cd RAT KIDNEY NORMAL ALBUMIN. 
+\ 6. Cd RAT KIDNEY MINIALBUMIN. 
TABLE 7 • 
.Amino acid composition of rat serum albumin 
Amino acid Residues/mole serum albumin 
A B 
Lysine 50 51 
Histidine 14 14 
Arginine 23 22 
Aspartic acid 50 50 
Threonine 31 32 
Serine 23 24 
Glutamic acid 77 83 
Proline 29 30 
Glycine 17 18 
Alanine 58 63 
! Cystine 30 37 
Valine 33 32 
Methionine 6 6 
Iso-leucine 13 14 
Leucine 53 55 
Tyrosine 22 19 
Phen;ylalanine 23 24 
A Peters (1962)( 135) 
B Jungblut and Turba ( 1963) ( 136) 
C Sargent and Campbell (1965)(137) 




















Only serum and liver albumins were analysed, and the 
amino acid composition of these albumins is l:hmm in Table 
8. The residues are expressed in g. amino acia/100 g. 
protein, to allow for any variations in the molecular size 
of the minialbumins. The values given are a mean of three 
or four determinations. Kioney albumins were not investi-
gated as insufficient material was available. 
As was found with the monkey alb\.U!lins, the mini counter-
parts were deficient in lysine and cystine content. In addi-
tion, there was apparently less proline in the minialbumins of 
rat serum and liver and an increased amount of methionine. 
The histograms in Figs. 31 and 32 show these differences more 
clearly. 
(c) The tryptophan content of the rat albumins: This 
was detenoined by the pll1AB colour method ( II 1 2. (iv)) • 
Table 9 shows that, as with the monkey minialbumin, the mini-
albumin found in rats was devoid of tr,yptophan. Nozmal size 
albtmd.n was shown to contain only one residue of tryptophan 
in its amino acid chain. This was in accord with the find-
ings of Peters (1962)( 135). 
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TABLE 8 • 
.Amino acid composition of rat serum and liver albumins 
Amino acid ':1- residues/100 a. protein 
NRNSA CdRNSA CdRi!SA CdRNLA 
Lysine 11.07 10.02 10.19 11.17 
Histidine 3.33 3.20 3.19 3.39 
.Allnnonia 1.58 1.62 2.22 2.13 
Arginine 5.81 6.18 5.26 5.98 
Aspartic acid 8.10 8.53 9.39 8.41 
Threonine 4.22 4.43 4.50 4.11 
Serine 2.67 2.87 3.34 3.00 
Glutamic acid 14.89 15.62 14.51 14.54 
PI'oline 3.72 3.81 0.35 4.04 
Glycine 1.37 1.43 2.52 1.60 
Alanine 5.92 6.19 5.85 5.80 
f Cystine 3.28 2.55 0.76 1.66 
Valine 4. 71 4.83 4.91 4.55 
Methionine 0.98 0.99 3.82 0.75 
Iso-leucine 2.16 2.23 2.82 2.21 
Leucine 8.65 8.97 a.47 8.60 
Tyrosine 4.28 4.32 3.74 3.81 
Phenylalanine 5.13 5.32 5.02 4.96 
Totals 91.87 q~.11 90.86 90. 71 
NRNSA = Nonnal rat nonnal serum albumin 
CdRNSA = Cadmium rat nonnal size serum albumin 
CdIMSA = Cadmium rat mini serum albumin 






























AMINO ACID COMPOSITION OF 
RAT SERUM ALBUMINS. 
CADMIUM RAT NORMAL SERUM ALBUMIN. 
CADMIUM RAT MINI SERUM ALBUMIN. 
NORMAL RAT NORMAL SERUM ALBUMIN. 
LVS HIS NH 3 ARG ASP THR SER GLU PRO GLV ALA 1/2 CVS VAL MET ISO LEU TYR PHE 
1SO 
FIG. 32 
AMINO ACID COMPOSITION OF 
RAT LIVER ALBUMINS. 
D CADMUM RAT NORMAL LIVER ALBUMIN. 
~ CADMIUM RAT MINI LIVER ALBUMIN. 
LYS HIS NH 3 ARG ASP THR SER GW PRO GLY ALA 112 CVS VAL MET ISO LEU TVR PHE 
T;;yptophan content of albumins of rat serum, liver 
and kidney 
Sample Residues tryptophen 
per mole alb\mlin 
Nonnal rat serum 
nonna.1 albumin 0.81 
Cadmium rat se:ruID 
nonnal size albumin 0.93 
Cadmium rat serum 
minialbumin o.oo 
Cadmium rat liver 
nonnal albumin 0.72 
Cadmium rat liver 
minialbumin o.oo 
Cadmium rat kidney 
normal albumin o.67 
Cadmium rat kidney 
minialbumin o.oo 
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II 12. CHARACTERIZATION OF THE .ALBUMINS OF CADUUM 
FOISONING 
II 12. (i) Cellulose acetate electrophoresis 
The introduction of cellulose acetate as a sup-
porting medium for electrophoresis was of great value as it 
afforded sUperior separation and resolution of protein mix-
tures than did the older paper method. Kohn ( 1957) ( 138) 
first described the principle and advocated the use of cellu-
lose acetate because it is microporous, homogeneous and 
chemically relatively pure as well as showing minimal absorp-
tion effects and thus eliminating ' tailing' • It has further 
advantages in that separation is rapid and only very sma11 
quantities of protein are required. 
The actual procedure followed was that outlined by 
Kohn (1960)(109). Oxoid electrophoresis strips, 18 x 5 an., 
were impregnated with the tank buffer, which was a sodium 
barbitone-barbitone mixture of ionic strength 0.01 and at 
pH 8. 6. The sample was spotted, with the aid of an appli-
cator, to the just moist strip (which had been gently blot-
ted with filter) 11 cm. from one end. The strips were 
then placed in the tank mald.ng sure of a good contact with 
the wicks (Whatma.n No. 1 filter paper) (Fig. 33). Electro-
phoresis in a horizontal plane, was continued at a potential 
difference of 25 V/strip for 90 min. On coll!Pletion of the 
FIG. 33 
CELLULOSE ACETATE ELECTROPHORESIS. 
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I'llll the strips were removed and the protein band simultaneous-
ly fixed and stained with a 0.975% {w/v) aqueous lissamine 
green (G.T. Gw:T) solL1tion containing 1.5% {w/v) salicylsul-
phonic acid as the protein precipitating agent. Staining 
was con:q,lete within 10 - 15 min. and the backgrounds were 
then cleared with aqueous 1% {v/v) acetic acid.. At all 
stages, the strips were handled with forceps to prevent 
finger-marking. Strips were then allowed to dry on the 
bench, and pressed between filter paper pads till flat. 
It was necessary to dilute whole serum to one-quarter 
of its concentration { 1 vol. serum + 3 vol. buffer), while 
purified samples were generally I'llll as 1% {w/v) protein 
solutions. Fig. 34 shows the results obtained with the 
various fractions, and the purity of the isolated albumins 
is established by the complete absence of arzy- other serum 
or urinary collJ)Onents. This particular method was used 
as a test for purity of the albumins to be studied further. 
II 12. (ii) Studies on the aggregation-disaggregation 
phenomenon of minialbumin 
During the course of the work, it was observed 
that variation in the ionic strength of the buffer employed 
in the gel columns gave rise to varying amounts of' minialbumin 
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FIG. 34 
CELLULOSE ACETATE ELECTROPHORESIS. 
C D E F 
A. NORMAL MONKEY NORMAL SERUM ALBU~IN. 
B. CADMIUM MONKEY NORMAL SERUM ALBUMIN. 
C. CADMIUM MONKEY MINI SERUM ALBUMIN . 
D. CADMIUM MONKEY URINARY NORMAL ALBUMIN, 
E. CADMIUM MONKEY URINARY MINIALBUMIN . 
F. PERITONEAL DIALYSATE • NORMAL ALBUMIN. 
u PERITONEAL DIALVSATE • MINIALBUMIN . 
G 
:f'ran the same sample. Further experiments led to the 
conclusion that in low salt concentrations, minialbumin 
readily a.ggrega tes to fonn molecules of various sizes up 
to 70,000 molecular weight and large/121 ). 
At first, sodium chloride in concentrations of 0.2M 
or more was used in al.l the buffer systems, as this appeared 
to prevent aggregation of the minialbumin to a considerable 
extent. Such an effect suggested that hydrogen ion bonding 
or non-covalent bonding ( of some type) was partially re-
sponsible for the aggregation. Minialbumin, dialysed free 
of all traces of salt, lyophilized and passed through a 
dextran gel column containing no salt, emerged almost en-
tirely as the large size molecule (Figs. 35 and 36A). 
If this peak of aggregated minialbumin was then passed 
through the same column, now equilibrated with 0.2M NaCl, 
some, but not all, reappeared in the small zoolecular weight 
fonn (i.e. 5,000 - 10,000) (Figs. 35 and 36B). 
It was also noticed that urina.zy minialbtunin was less 
susceptible to aggregation than was serum minialbumin. 
This immediately suggested that urea, which reaches a con-
centration of about 2)0 (w/v) in the urine, was helping to 
prevent aggregation. Hence, 2)0 ( w/v) urea was introduced 
into the Sephadex column buffers and was found to be effec-
tive to SOlre extent. Minialbumin, which remained aggregated 
-8.5-
in the presence of o. 2M salt, was next cycled through a 
coltunn containing both salt and urea. Figs. 35 and 3tC 
show the appearance of some more of the smaJ.ler molecules. 
Urea was apparently more efi'ective in this experiment in 
dissociating the aggregated molecules than 0.2M alone • 
.As it was clear that salt and urea could not accom-
plish complete dissociation of the aggregated minialbumin, 
/, 
it was thought that sulplzydryl interactions must be partially 
responsible. As minialbumin contains only 12 - 15 sulplzydryl 
groups, the linking together of small units by disulphide 
bridges could only account for a small part of the aggregation. 
The sulplzydryl groups of the minialbumin, undissociated 
in the presence of salt and urea., were therefore reduced and 
alkylated. This was done essentially by the method of Fahey 
(1963)( 139) which is a modification of Porter's technique(140). 
The protein was dissolved in o.~, pH 8.2 tris-HCl buffer in 
a concentration of 5 rng./ml., and treated with o.o~ (redis-
tilled) 13 mercapto-ethanol for 1 hr. at room temperature with 
continuous shaking. Reduction was stopped by addition of an 
equal volume of o.0.5M iodacetamide in the same buff'er. After 
an hour at o0 the mixture was dialysed against several changes 
of cold distilled water until free of the reducing and alkylat-
ing agents. The protein was then lyophilized and passed 
through a Sephadex column containing both salt and urea. It 
-86-
can be seen (Figs. 35 and 36D) that only a trace of aggre-
gated material remains after such treatment. 
These findings seemed to indicate that both electro-
static forces and sulphydryl bonds are involved in the 
production of aggregates. It is also possible that cad-
mium ions, known to attach readily to albumin, may link 
the snall molecules together. We obtained some evidence 
for this from experiments done with ethylenediaminetetracetic 
Serum obtained fran monkeys 1 - 2 hr. after a dose of 
6 mg. cadmium, was divided into two parts, one of which was 
~mnediately treated with solid EDI'A to give a final concen-
tration of 0.02M. This concentration was calculated to be 
more than sufficient to chelate all the calcium, lead and 
cadmitnn ions present. Albumin was then prepared frcm both 
the treated and untreated sera using the TCA-ethanol( 93) and 
( 102) HCl-ethanol methods. The purified albumins were then 
cycled through a Sepha.dex column in the normal fashion. 
Fig. 37 A - D shows a comparison of the treated and untreated 
sarrrples by both methods of preparation. As larger quantities 
of minialbumin appeared in the presence of EDTA, it seemed 
that it prevented some linking together of small molecules 
by divalent ions. Incubation of nonnal se.rum albumin with 
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25 65 105 145 
EFFLUENT VOLUME IN ML. 
SEPHADEX G75; COLUMN= 42x l·S CMS.; FLON RATE: 15 ML. PER HOUR. 
A. BUFFER ONLY - 0-066M pH 7•0 PHOSPHATE. 
B. BUFFER + 0·2M NaCl. 
C. B.JFFER + 0·2M NaCl + 2•1. UREA 



























25 65 105 145 
EFFLUENT VOLUME IN ML. 
SEPHADEX G 75j COLUMN = 42 x 1·8 CMS; FLOW RATE= 15 ML. PER HOUR. 
A. BUFFER ONLY - 0·066M pH 7·0 PHOSPHATE. 
B. BUFFER + 0-2M NaCl. 
C. BUFFER + 0·2M NaCl + 2"/. UREA. 
D. BUFFER + 0·2M NaCl + '2"/. UREA - PROTEIN REDUCED AND ALKYLATED. 
FIG. 37 


























25 45 65 85 
EFFLUENT VOLUME IN ML. 
A. HCI METHOD ~ UNTREATED. C. TCA METHOD - UNTREATED. 
B. I-Cl METHOD WITH E.D.T.A. D. TCA METHOD WITH E.D.T.A. 
SEPHADEX G75 IN 0·066M PHOSPHATE + 0·2M NaCl. 
COLUMN 26x2 CMS. 0.0. AT 262mu. FLOW RATE= 15 ML PER HOUR. 
II 12. (iii) Amino acid analysis of albumins 
The overall amino acid composition was considered 
a valuable way of characterizing the minialbumin with respect 
( 121) 
to the normal size albumin, and was therefore determined • 
Acid hydrolysis was chosen as the most suitable means of libe-
rating the free amino acids, and the method generally followed 
was that of Hirs, Moore and Stein (1954)(141 ). 
Heavy-walled pyrex glass tubes, 12 x 150 mn., were cleaned 
by washing in concentrated hydrochloric acid and distilled 
water, and then rinsed in 1N HCl before being oven dried. 
Five mg. of the salt-free, lyophilized protein was weighed into 
the tube and dissolved in 1 ml. 6N HCl, three times glass-distil-
led at constant boiling temperature. The neck of the tube was 
first constricted, and then after frequent alternate evacuations 
and flushings with nitrogen to remove all traces of air, the 
tube was sealed under vacuum. Hydrolysis was conducted in an 
oil bath at 110° ! 1° for 22 hr. 
It was imperative that the temperature be kept constant 
during hydrolysis if the results were to be extrapolated to 
zero time for correction for the labile amino acids. It has 
been found that serine and threonine decompose at varying rates 
during acid hydrolysis while the presence of sulphate ions leads 
to the fonna.tion of sulphoserine which emerges in the same posi-
tion as cysteic acid. If any air was left in the tubes, oxidation 
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could occur with the formation of cysteic acid, methionine 
sulphoxide and chlorotyrosine< 142). 
Work in this laboratory on nonnal human albumin has 
shown that 22 and 72 hr. hydrolysates gave results which 
could be extrapolated to zero time (Potgieter and Hall, 
1966( 143)) • As there was insufficient material available 
for numerous trials at both these time intervals, a 22 hr. 
lzydrolysis period was selected as giving the best overall 
eydrolysis and recovery. 
Once hydrolysis was complete, the seals were broken 
and the contents of the tubes transferred quantitatively 
to a small flask with 2 to 3 portions of distilled water. 
After lyophilization, the residues were redissolved in so-
dium citrate buffer and analysed on a Beclanan Model 120B 
automatic amino acid analyser according to the method of 
Spackman, Stein and Moore (1958)( 144-). This involved 
elution chromatography from buffered columns of ion exchange 
resin followed by colorimetric detennination of the separated 
amino acids by the ninhydrin reaction. 
The machine operated along the following line/ 145). 
One pump drove buffer through the ion exchange colunm, while 
a second pump delivered ninhydrin reagent into the effluent 
fran the column. The mixture then flowed slowly through a 
90 .ft. Teflon coil which was immersed in a boiling water bath. 
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])u,ing this heating period the amino acids combined with 
the ninhydrin (Fig. 38) to fonn blue coloured products for 
« amino acids and yellowish colours for proline and hydrozy-
proline. The resulting solution passed through a colori-
meter containing 3 separate photometer units, each of which 
consisted of a light source, lens, interference filter and 
photovoltaic cell. The extinctions at 570 mµ and 440 mµ 
were recorded automatically on a. chart, which revolved at 
6 in./hr., by a dot pen adjusted to print at 2 second inter-
vals. The entire procedure was carried out on a continuous-
ly flowing stream. The operating temperature was 52° and 
the flow rates of buffers and ninizy'drin were 40 and 20 ml. 
per hr. , respectively. 
The composition, degree of cross linkage, particle size 
and packing of the resin; the pH, ionic strength and flow 
rate of the bu:f'fer and the temperature of operation could 
all affect the resolution( 141+,146). It was, therefore, 
necessary to take these factors into account when selecting 
a resin. For use in the 120B Model, Beckman provided a 
sulphonated styrene - ~ divinyl benzene copolymer in 3 
different grades for the 3 different columns, each of uni-
fonn particle size. Unifonn particle size was obtained by 
fractionation with the hydraulic system of Hamilton (1958)( 147) • 
Resin 150A of particle size 31 - 41 microns was used for the 
-90-
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ANION OF DIKETOHVDRINDYLIDINE DIKETOHVDRINAMINE (DYDA) 
neutral and acidic amino acids, while type 15A, 19 - 25 
micron particles, was employed for the basic column. The 
columns were packed in sections from a 2: 1 buffer: resin 
slurry from 'Vbich fines had previously been removed. It 
was necessary to regenerate the column with 0.2N Na.OH (con-
taining BRIJ) and equilibrate with the appropriate buffer 
before use. 
Sodium citrate buffers were used and contained penta-
chlorophenol as an antibacterial agent. 
was that shown in Table 1 o. 
TABLE 10. 
Their composition 
Composition of buffers for amino acid analysis 
Acidic and Acidic and 
Purpose of buffer Sample neutral neutral Basic 
pH diluter amino acids amino acids amino acids 
starting change over 
+ 2.2 - 0.03 + 3.28 - 0.01 + 4.25 - 0.02 5.28 :!: 0.02 
Sodium concentration 0.20 N 0.20 N 0.20 N 0.35 N 
Sodium citrate ZH.20 19.6 g. 784.3 g. 784.3 g. 1372.6 g. 
Concentrated HOl 16.5 ml. 493 ml. 335 ml. 260 ml. 
Thiodiglycol 20 ml. 200 ml. 200 ml. -
Brij-35 solution 2 ml. 80 ml. 8o ml. 8o ml. 
Pentachlorophenol 0.1 ml. 4 ml. 4 ml. 4 ml. 
Final vol'Ullle 1 1. 40 1. 40 1. 40 1. 
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The ninhydrin reagent was a ~ (w/v) solution dissolved 
in a mixture comprising 7r:t/o (v/v) peroxide-free methyl cello-
solve and 25}b ( v/v) liN sodium acetate buffer, pH 5.51. The 
ninlzydrin was dissolved by magnetic stirring and under nitn>-
gen. Stannous chloride, a reducing agent, was then added to 
give a final concentration of 0.04% (w/v). 
Using the conditions just described, good resolution and 
reproducible results were obtained. The percentage recovery 
from the coll.m1Il was 10~ as checked by additions of standard 
quantities of nor-leucine. Fig. 39 shows a typical elution 
pattern of the amino acids found in albumin. 
Both nonnal-size albumin and minialbumin fran the serum 
and urine of poisoned animals were analysed and compared with 
the serum albumin of a nonnal unpoisoned monkey. The results 
are given in Tables 11 ana. 12 and are presented as g. of amino 
acid per 100 g. of protein, rather than as residues/mole because 
of the inherent difficulty of selecting a single molecular 
weight for the minialbumin which exists in a range of sizes. 
The results are a mean of 5 to 6 separate detezmina.tions, and 
standard deviations are given(148). 
It can be seen that amino acid oomposi tion was almost 
identical for the various albumins. Statistical analysis, 
using the t-test showed the following:-
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120 ML. 130ML. 450 ML. 
7. SERINE 13. VALINE 
e. GLUTAMlC ACID 14. METHIONINE 
9. PROLINE 15. ISOLEUCINE 
- 10. GLYCINE 16. LEUCINE 
ASPARTIC ACID 11. ALANlNE 17. TYROSINE 
THREONINE 12. 1/2 CYSTINE 18. PHENYLALANINE 
albumin and mini serum albumin was signif'i-
cant. p = 0.05. 
(b) The difference between i cystine of normal 
serum albumin and mini serum albumin was 
very highly significant. p = 0.001. 
(c) The difference between isoleucine of nonnal 
serum albumin and mini serum albumin was 
very highly significant. p = 0.001. 
(d) There was no significant difference between 
normal serum albumin and the serum albumin 
of nonnal size from poisoned monkeys for the 
three amino acids mentioned above. 
( e) No values have been obtained for the dif-
ferences between· urinary albumin of norma.l 
size and mini urinary albumin. Determination 
of the amino acid composition of the latter 
was perf'onned by Ga.in (1966)( 6) and insuffi-
cient data was available for statistical ana-
lysis. 
(f) However, significant differences between i 
cystine and isoleucine in nonnal serum albumin 
and urinary albumin of norma.l size from poisoned 
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monkeys do occur, the values being p = 0.001 
and p = 0.05 respectively. 
The differences a.re more clearly shown in the histograms 
(Figs. 40 and 41). 
Of interest too, was the close similarity between the 
composition of these monkey serum albumins and that of man, 
dog, ox and rat. The values are given in Table 13. 
In the course of this study it was found that cadmium 
ions affected the reaction of ninhydrin with free amino acids 
to a note,"IOrthy extent. This was shown by a co~arison of 
the absorption spectra in the presence and absence of ca&nium. 
A typical example is presented in Fig. 42. Because of this 
it was necessary to test the effect of cadmium ions on an amino 
acid analysis. It was done by adding to nonnal unbydrolysed 
serum albwnin the a.mount of ca&niurn usually found attached in 
a chronically poisoned animal (i.e. 1 µg. cadmiurn/5 mg. serum 
albUJnin), and then carrying out the standard analytical proce-
dure. The amino acid composition of the normal albu-nin in 
the presence and absence of cadmium is set out in Table 14. 
It is evident that though cadmium caused changes in the actual 
ninhydrin reaction, it did not affect the overall hydrolysis 
and analysis. 
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TABLE 11 • 
.Amino acid conwosition of serum albumins of 
nomal and cadmium-poisoned monkeys 
g./ 100 g. protein 
Amino acid 
NMNSA CdMNSA CdMMS..4. 
Lysine + 11.2.5 - 0.03 11.37 ! 0.06 + 9.99 - 0.39 
Histidine 3.46 ! 0.11 + 3.16 - 0.21 + 3.09 - 0.3.5 
Ammonia 1.07 ! 0.06 1.42 ! 0.26 + 2.27 - 0.72 
Arginine + 4.68 - 0.12 4. 7.5 t 0.18 + 4..58 - 0.37 
Aspa.rtic acid + 9.05 - 0.08 + 8.85 - 0.17 8.77 ! o.67 
Threonine + 3.42 - 0.22 + 3.23 - 0.07 3.62 ! 0.28 
Serine + 3.00 - 0.11 + 2.83 - 0.04 + 3.55 - 0 • .53 
G-lutamic acid 16.22 ! 0.15 15.56 ! 0.52 + 15.15 - o. 98 
Proline + 3.47 - 0.34 + 3.45 - 0.10 + 3.72 - 0.77 
Glycine + 1.22 - 0.11 1.23 ! 0.28 1.69 ! 0.35 
Alanine + 1.21 - 0.07 + 1.03 - 0.23 6. 73 ! o.86 
t Cystine + 4.32 - 0.54 li-.10 ! o.65 + 2.37 - 0.92 
Valine 6.24 ! 0.06 6.16 ! 0.37 + .5. 79 - 0.12 
Methionine 1.56 ! 0.08 + 1.55 - 0.10 + 1.32 - 0.57 
Iso-leucine + 0.43 - 0.08 + 0.52 - 0.10 + 1.11 - 0.23 
Leucine + 10.69 - 0.10 + 10.33 - 0.35 + 8.61 - 0.83 
Tyrosine 4.23 ! 0.16 + 4.04 - 0.15 4.16 ! 0.26 
Pheeylalanine 6.55 ! 0.12 6.80 ! o.as 6.27 ! 0.76 
Totals 97.77 96.38 92.79 
NMNSA = Normal monkey nonnal serum albumin 
CdMNSA = Cadmium monkey nomal size se::ruin albumin 










AMINO ACID COMPOSITION OF 
SERUM ALBUMINS. 
NORMAL MONKEY NORMAL SERUM ALBUMIN. 
CADMIUM MONKEY NORMAL SERUM ALBUMIN. 
CADMIUM MONKEY MINI SERUM ALBUMIN. 
LVS HIS NH 3 ARG ASP THR SE" GLU PRO GLV ALA 112CYS VAL MET ISO LEU TVR PHE 
TABLE 12 • 
.Amino acid composition of urinary albumins o-f 
nonnal and cadmium-poisoned monkeys. 
g./100 g. protein 
Amino acid 
NMNSA CdMNUA CdMMUA* 
Lysine + 11.25 - 0.03 + 10.82 - 0.82 10.1 
Histidine 3.46 :!: 0.11 + 3.22 - 0.03 3.0 
Ammonia 1.07 :!: 0.06 1.61 ! 0.56 1.1 
Arginine 4.68 :!: 0.12 + 5.2.5 - 0.83 5.6 
.Aspartic acid 9.05 ~ o.os 9.37 ! 0.62 10. 7 
Threonine + 3.42 - 0.22 4.11 :!: o.86 4.6 
Serine + 3.00 - 0.11 + 3.54 - 0.02 3.0 
Glutamic acid 16.22 :!: 0.15 16.13 !. 0.23 16.0 
Proline + 3.47 - 0.34 + 3.00 - 0.74 4.8 
Glycine + 1.22 - 0.11 1. 68 :!: o. 02 1. 7 
Alanine + 7.21 - 0.07 7. 61 :!: 0.03 8.7 
f Cystine + 4.32 - 0.54 + 2.48 - o.84 3.9 
Valine 6.24 ! 0.06 + 6.66 - 0.03 7.5 
Methionine 1.56 :!: 0.08 + 1.04 - 0.54 1.1 
Iso-leucine + 0.43 - 0.08 + 1.14 - 0.49 1.6 
Leucine 10.69 :!: 0.10 + 10. 75 - 0.15 10.4 
Tyrosine 4.23 :!: 0.16 + 4.15 - 0.42 4.3 
Pheeylalanine 6.55 :!: 0.12 + 7.51 - 0.95 6.7 
Totals cn.77 100.07 104..8 
:N!.!NSA = Nonnal monkey nonna.l senun albumin 
CdMNUA = Cadnium monkey nonnal size u.rina.cy albumin 
CdMMUA = Cadmium monkey mini urinary alb\lllin 





AMINO ACID COMPOSITION OF 
URINARY ALBUMINS. 
t-ORMAL MO!ll(EY SERUM ALBUM! N. 
C~tUM MONKEY N~MAL URINARY ALBUMIN. 
CADMIUM MONKEY Ml NI URINARY ALBUMIN. 
LYS HIS 1+1
3 
ARG ASP THR SER Gl.U PRO GLY ALA 1/2 CVS VAL MET ISO LEU TVR PHE 
TABLE 13. 
carwarison of the amino acid composition of 
serum albumin of various animals 
g./100 g. protein 
.Amino acid 
Man(149) Ox( 150) Doi151) Monke~ 
Lysine 10. 78 11.25 11.25 11.30 
Histidine 3.09 3.46 3.54 2.50 
Ammonia - 1.07 - -
Arginine 5.51 4.68 5.29 5.34 
Aspartic acid 8.99 9.05 9.43 8.95 
Threonine 4.24 3.42 4.95 3.55 
Serine 3.06 3.00 3.50 3.36 
Glutamic acid 15.27 16.22 14.48 16.17 
Proline 4.30 3.47 4.01 4.51 
Glycine 1.22 1.22 1.38 1.99 
Alanine 6.56 7.21 4.99 6.50 
! Cystine 4.74 4.32 5.02 5.12 
Valine 6.51 6.24 5.01 6.11 
Methionine 1.12 1.56 o. 71 0.78 
Iso-leucine 1.47 0.43 2.25 0.99 
Leucine 10.27 10.69 10.59 10.96 
Tyrosine 4.20 4.23 4.56 5.26 
Phenylalanine 6.95 6.55 5.87 6.68 
Tota.ls 92.59 97.77 97.36 100.60 























The amino acid ClOII!POSition of normal serum albur.iin 
in the presence or absence of cadmitm1 
Residues amino acia/mole albtmlin 
.Amino acid 
NMNS.A NMNSA + added cadmium 
Lysine • 58 •• 58 
Histidine 16 17 
.Ammonia - -
Arginine 20 20 
Aspartic acid 52 49 
Threonine 22 23 
Serine 23 23 
Glutemic acid 83 82 
Proline 24 2.5 
Glycine 14 16 
Alanine 67 68 
1 Cystine 28 28 2 
Valine 42 42 
Methior.d.ne 8 8 
Iso-leucine 3 3 
Leucine 62 62 
Tyrosine 17 18 
Phenylalanine 30 29 
Totals 569 571 
NMNSA = Normal monkey nonnal serum albumin 
• Values given are a mean of six separate determinations 
•• Values given are a mean of three separate determinations 
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FIG. 42 
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WAVE LENGTH IN M,U. 
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n 12. (iv) The determination of tryptophan 
As normal albumin consists of a single chain 
containing approJd.rnately 575 amino acid residues(152) and 
only one or two residues of tzyptophan, a comparative study 
of the tryptophan content of the different albumin species 
was carried out in order to seek further clarification of 
the relationship between them. 
( a) Alkaline hydrolysis with barium hydroxide 
The method followed was essentially that of 
Nol tmann, :Mahowald and Kuby ( 1 962) ( 1 5 3) • The sample of 
protein ( 5 - 10 mg. ) was weighed into pyrex test-tubes 
( 12 x 150 mm. rimless) which had been cleaned in concentra-
ted hydrochloric acid and distilled water and oven-dried. 
Approximately 1 ml. of distilled water was then added and 
the protein dissolved. Solid bariwn hydroxide (Ba(OH) 2.BH2o) 
and distilled water were then added to give finol concentra-
tions of' 1N to 4N Ba(OH) 2.BH2o in a final calculated volume 
of 0.2 ml./mg. protein. 
was found to be critical and this later aspect of the experi-
ment is discussed in detail. The tubes were then alternately 
evacuated and flushed with nitrogen until all traces of air 
had been removed. They were subsequently sealed under vacuum. 
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0 + 0 Hydrolysis was conducted under oil at 110 - 1 for a 
70 hr. period as advocated(153). On completion of hydro-
lysis the seal was broken and the contents of the tube 
quantitatively transferred to a centrifuge tube with the 
aid of several small aliquots of near-boiling distilled 
water. A stream of carbon dioxide, liberated from dry 
ice, was directed on to the surface of the sample whilst 
shald.ng continuously for 10 min. The precipitate of BaC0
3 
so obtained was centrifuged off and washed three times with 
distilled vvater. The first supernatant and the washings 
were filtered through a medium sintre and then lyophilized. 
The dried amino acids were dissolved in 5 ml. of 0.2M sodium 
citrate buffer, pH 2.2, and analysed on a Beckman Spinco 
Model 120B amino acid analyser, according to the method of 
Spackman et a1< 144) (Fig. 43). It was necessary to carry 
out acid hydrolysis of the same samples to estimate the quan-
tity of leucine. 
T:cyptophan and leucine were the only amino acids, present 
in the proteins, which were not degraded under the conditions 
of alkaline hydrolysis as just described. Leucine, unlike 
tr:yptophan, was also stable during acid hydrolysis, ana. could, 
therefore, serve as a reference standard by which tryptophan 
could be related to the other amino acids, all of which were 
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constants for leucine were detennined after both acid and 
alkaline hydrolysis, and by use of these constants, the 
quantities of all the amino acids in the alkaline h;ydroly-
sate could be calculated. From these data, the content 
of tryptophan as a percentage of total protein was easily 
derived. 
(i) Determination of the optimum barium hydroxide con-
centration. 
Owing to the variability and lack of reproducibility 
of some results, it was decided to investigate the effect of 
the barium hydroxide concentration. 
Samples of normal monkey sezi..un albumin were utilized. 
To half of these, 1 µg. cadmium/5 mg. protein was added (i.e. 
the amount of cadmium found attached to circulating albumin 
in a chronically poisoned monkey). 
to give final concentrations of 1 N, 2N, 3N and 4N in the nor-
mal and cadmium-containing samples respectively. The h;ydro-
lysis and tryptophan determination were carried out exactly 
as described above. Results show that the normal monkey 
serum albumin gave maximum and reproducible results with 
1N Ba(OH) 2.BH20, whilst in the presence of cadmium, a higher 
concentration of Ba(OH) 2.BH2o, viz. 2N, was found to be most 
suitable. Fig. 44 demonstrates this point. 
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FIG. 44 
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i:l HUMAN GAMMA GLOBULIN 
0 NORMAL MONKEY SERUM ALBUMIN t CADMIUM 
• NORMAL MONKEY SERUM ALBUMIN 
Gamna globulin, used to check recoveries as later des-
cribed, also showed anomalies with high concentration of 
Ba(OH) 2BH2o. A concentration of 4N almost ccmpletely des-
troyed the tryptophan, 3N and 1N gave fair results, while 
2N gave good reproducible yields and was therefore selected 
for this work (Fig. 44). 
Recoveries of leucine were also impaired by high con-
centrations of barium hydroxide. 
(b) Colorimetric method using p-dimethylaminobenzaldehyde 
During alkaline hydrolysis tryptophan may be des-
troyed by various other naturally occurring amino acids such 
as cysteine, cystine, lysine, serine and threonine( 154). It 
was, therefore, desirable to estimate tryptophan in unhydrolysed 
protein where the above-mentioned amino acids had no effect. 
Spies and Chambers (1948)( 155), (1949)(154-), have set down a 
method. 
Essentially, free or protein-botmd tryptophan was combined 
with p-di.methylaminobenzaldehyde (pllM.B) in a strongly acid 
medium and allowed to incubate in the dark before a blue colour 
was developed by coupled ori.dation v.d. th sodium nitrite. 
It was necessary to establish the optimum conditions under 
which the reactions take place to obtain ma.:x:i.mum colour yields. 
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Free tryptophan on condensation with pllYrAB gave a 
maximum colour in 12 - 13N H2so 4, while t
he tryptophan 




Spies and Chambers(155) also showed that 30 mg. of pllMB 
and 0.1 ml. of 0.045% NaN02 per test w
ere ideal concentra-
tions. 
The time required to complete the initial reaction 
in which the p!UAB condensed with tryptophan, showed a 
variable optimwn depending on the protein in question. 
To determine this for albwnin, a series of tryptophan 
standards containing O - 50 µg., and 10 mg. samples of 
nonnal monkey serum albumin and cadmium-poisoned monkey 
serum albumin of nonnal size were incubated for periods 
of 3, 6, 9, 12, 18 and 21 hr. before stopping the reaction 
by the addition of sodium nitrite. Fig. 45 shows the 
ma.xi.mum colour for the albumins to be at 15 hr. This 
incubation time was, therefore, used for all subsequent 
determinations. 
The second. reaction, the colour formation with NaN02, 
was a far more rapid one and was followed from zero time 
to 100 min. Readings were taken at min. intervals for 
the first 10 min., at 2.5 min. intervals for the next 20 
min. , and thereafter every 5 min. The graph in Fig. 46 
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TIME IN HOURS. 
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shows that most of the colour was formed in the first 5 min. 
A peak value was reached after 25 - 30 min. and the colour 
remained constant until 45 min., after which time there is 
a slight fall. 
Both the first and second reactions must be carried 
out in the dark. The wavelength chosen, that at which 
maximum absoxption occurred, was 590 mµ. A scan from 700 mµ 
to the ultra.violet region showed a high plateau from 600 -
580 mµ (Fig. 47) and it was decided to choose the midpoint 
of this. 
The solutions were checked for optical clarity by 
centrifuging them at 10,000 rev./min. for 8 - 10 min., and 
then reading the extinction value again. As the colour 
was stable between 30 and 45 min., any change in extinction 
could be attributed to the removal of particles by the cen-
trifugation. Table 15 indicates that losses in colour in-
tensity were negligible, and it was therefore assumed that 
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TABLE 15. 
The detennination of optical clarity of the 






Reagent Blank 0.000 0.000 
Protein Blank 0.006 0.004 
Tryptophan Std. 10 µg. 0.033 0.032 
II II 20 µg. 0.071 0.069 
II II 30 µg. 0.104 0.105 
II " 40 µg. 0.146 0.145 
II II 50 µg. 0.155 0.154 
Normal monkey normal albumin 0.206 0.208 
Cadmium monkey normal albumin 0.045 0.045 















Temperature evidently had very little influence as re-
actions carried out at 20° and o0 gave similar or identical 
results. 
Blanks of two types were always run concurrently. 
These were a reagent blank containing everything save tryp-
tophan, and a protein blank containing all the reagents but 
read at zero time. 
The reagents used throughout the procedure were Analar 
grade and were freshly prepared for each determination. 
They were all dried in vacuo over sodium hydroxide pellets 
before being used. 
The reaction tubes were well washed in tap and distilled 
water., and then rinsed with 1N sulphuric acid before being 
oven-dried. 
The protein samples were all salt free (by extensive 
dialysis), lyophilized preparations., and were accurately 
weighed on a Sartorius micro-torsion balance. 
The individual steps of the method may be summarised 
as follows: 
(i) Protein or free t.cyptophan was dissolved 
in 19N H2so4 and brought to a final volume 
of 9 ml. 
(ii) 1 ml. of a p]l{i.AB solution containing 30 mg./ 




(iii) Tubes were allowed to stand in the dark for 
15 hr. 
(iv) 0.1 ml. of 0.045}S (w/v) aqueous NaNo2 solu-
tion was added and the tubes well shaken. 
(v) Tubes were allowed to stand in the dark for 
30 min. 
(vi) Extinction was read at 590 mµ. 
Standard curves were obtcl.ined by using quantities of 
free tryptophan varying from O - 200 µg. per test, and the 
above conditions. Fig. 48 is illustrative of such a curve. 
Protein samples were handled in an identical fashion and their 
tryptophan content estimated by reference to the standard graph. 
(c) Experiments designed to test the validity of the 
tryptophan analyses. 
(i) Percentage recoveJ:Y. This was checked by the use 
of gamma globulin prepared from normal human serum by preci-
pitation with solid ammonium sulphate brought to 50}6 satura-
tion, and subsequent chromatography of the dialysed., freeze-
dried residue on DEA.E-Sephadex A50( 156). The preparation 
was judged to be pure by irnrrn..moelectrophoresis on agar gel(
110) 
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was selected because it is rich in tryptophan and the number 
of residues per molecule is well established(
157). Table 16 
shows the results obtained with both methods of analysis and 
gives the percentage recoveries and standard deviations. 
TABLE 16. 
Determination of percentage recovery of t.ryptophan 
Number residues 
Method of analysis tryptophan/mole % Recovery* Standard 
Y globulin deviation 
Alkaline hydrolysis 33,27,34,28,29 91.51 3.11 
pIN.iAB colour method 30,32,30,31,33,31 93.97 1.41 
• Human Y globulin has 33 residues/mole ( 
157) 
Nonnal human serum albumin was also analysed and was found 
to contain 1 residue of tryptophan per mole. This is in agree-
ment with the work of several other investigators(
158, 159). 
(ii) Percentage recovery of added tryptophan 
This was measured by adding tryptophan to serum 
albumin and to the serum before preparation of the albumin. 
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To check the recovery in the presence of albumin, tryp-
tophan was added to the protein before the determination, and 
the results compared with a standard containing the same quan-
tity of tryptophan and with protein with no added amino acid. 
The pllilAB colour method was used. 
TABLE 17. 
Determination of percentage recovery of tryptophan 
added to albumin 
Tryptophan 
Total % Standard 
Sample tryptophan added recovered 
recovery deviation 
Tryptophan Std. 50 µg. 50 µg. 100 -
5 mg. nonna.l monkey Nil 27 µg. - -
albumin 28 µg. 
27 µg. 
5 mg. nozmal monkey 50 µg. 62.5 µg. 81.2) 
albumin 65.1 µg. 83.4~ 1.90 
65.5 µg. 85.0 
Table 17 shows that most of the added tryptophan was 
recovered. 
In order to ascertain whether free tryptophan present in 
the serum might become adsorbed on albumin during the prepara-
tive procedure, and thereby vitiate the observations, varying 
quantities of tr.yptophan were added to the serum before albumin 
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was prepared from it. Poisoned monkey serum, and the pIMAB 
colour method were used. As shown in Table 18, added tryp-
tophan had no significant effect on the quantity of the amino 
acid found in the protein. 
TABLE 18. 
Measurement of tryptophan adsorbed by albumin 
during preparation from serum 
Tryptophan added Tryptophan found• 





* Each test wa.s run in duplicate and the results 
given are a mean of the two values obtained. 
(iii) The direct effect of cadmium on the analysis 
for tryptophan 
This was studied by addition of oa.dmiwn chloride 
to the serum of a nonna.l monkey before albumin preparation, 
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in the concentration that was found in a monkey immediately 
following intravenous injection of 6 mg. of cadmium (i.e., 
24 µg. cadmium per ml. of serum). Measurements were made 
by the pllA.AB method and the results are presented in Table 
19. 
TABLE 19. 
The effect of added cadmium on the analysis 
for tryptophan. 
Sample Residues tryptophan per mole 
Normal monkey serum albumin 1. 73, 1. 78 
Normal monkey serum albumin 1. 71, 1.68 
with added cadmium 
As these values are not significantly different, it is 
evident that cadmium ions had no direct effect on the analy-
tical procedure. 
(iv) The "in vivo" effect of cadmium on analysis for 
trzytophan 
This was assessed by measuring the quantity of 
tryptophan to be found in the total albumin fraction of sera 
-111-
taken from poisoned animals at various times after a booster 
dose of 6 mg. cadmium. It is evident from Table 20 that 
there was little or no change in tryptophan concentration. 
TABLE 20. 
The "in vivo" effect of cadmium on analysis 
for tryptophan 
Experimental Time after Residues tryptophan 
animal injection per mole albumin 
Monkey M 2 hr. 1.07 
Monkey L 2 hr. 1.55 
Monkey P 2 hr. 1.06 
Monkey M 4 days o. 71 
Monkey L 4- days 1.00 
Monkey P 4- days 0.98 
Monkey M 7 days 0.94-
Monkey L 7 days 0.97 
Monkey P 7 days 1.02 
(d) Estimation of the amowit of tr;yptophan to be fowid 
in the various albumins. 
Bearing in mind all the aforementioned investiga-
tions, purified albumins isolated from sera and urine of 
normal and chronically poisoned animals were analysed for their 
tryptophan content by both methods. The values obtained are 
presented in Table 21, and each figure given is a mean of three 
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to six detennina.tions on each of three nonnal and three 
poisoned. monkeys. Recoveries have been corrected for 
according to the data in Table 16. In the case of albu-
mins prepared from cadmium-poisoned monkeys, normal and 
mini refer to the molecular size only. 
TABLE 21. 
Determination of tryptophan in albumin of normal and 
poisoned monkeys. 
Residues tryptophan Residues tryptophan 
Type of albumin per mole 
(alkaline hydrolysis) 
per mole 
(!MAB colour method) 
Nonnal monkey seiiJm 2.11 1.95 
normal albumin 
Poisoned monkey serum 1.32 0.99 
normal albumin 
Poisoned monkey serum o.oo o.oo 
minialbumin 
Poisoned monkey urinary 1.65 1.69 
nonna.l albumin 
Poisoned monkey urinary o.oo o.oo 
minialbumin 
From the results obtained, nonnal monkey albumin, like 
bovine serum albumin( 158), and canine plasma albumin(160) 
appeared to have two residues of tryptophan per molecule of 
albumin. In this respect it is unlike human albumin, shown 
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to have only one residue per mole( 158,159,161). The mini-
albumins in both serum and urine were totally lacking in 
tryptophan. 
(An account of this section of the work is in proof, 
Kench and Sutherland (1967)( 162)). 
II 12. (v) S_ystematic search for a missing peptide 
The complete absence of tryptophan, and decreased 
amounts of lysine and cysteine in the lllinialbumins of cadmium-
poisoned animals suggested loss of these amino acids, either 
metabolically by an in vivo mechanisn under the inflt:;ence of 
cadmium ions, or technically during the preparation of albu-
min. 
It was considered possible that the missing amino acids 
might occur together in a single peptide, and this concept 
was investigated. It was not possible to look for a peptide 
in vivo, but a systematic search for it at the different stages 
in the preparation of albumin by both the TCA-ethanol( 9s) and 
the HC1-ethanol( 102) methods was carried out. 
Serum was obtained from a normal and a poisoned monkey, 
and albumin prepared in the usual way from both. At each 
stage, supernatants or precipitates normally discarded were 
kept and treated as follows:-
-11~ 
The TOA-ethanol method(9B) 
(a) The initial supernatant and ~ TOA washings 
were combined and dialysed against distilled 
water overnight. Both the dialysis residue 
and diffusate were concentrated by lyophiliza -
tion. • 
(b) The globulin precipitate was dissolved in a 
few ml. distilled water and dialysea_ against 
distilled water overnight. The dialysis resi-
due and diffusate were both lyophilized. 
(c) The diffusates used to remove the ethanol and 
TC.A from the final preparation were combined 
and dried. 
( 102) 
The HCl-ethanol method 
(a) The initial globulin precipitate was dissolved 
in a few ml. of distilled water and dialysed 
overnight against distilled water. Both the 
dialysis residue and diffusate were kept and 
dried. 
• Dialysis residue means non-diffusible components remaining 
inside the dialysis sac. Diffusate means components which 
have diffused through the membrane into the surrounding 
medium. 
Nomenclature is according to that reccmnended by the 
Biochemical Society (1967)(163). 
(b) The albtunin preparation was dialysed over-
night against distilled water which was 
then taken to dryness. 
(c) The final ethanol-sodium acetate supernatant 
was brought to pH 7.5 by addition of 0.1N 
sodium hydroxide and then evaporated to dry-
ness in vacuo over sodium hydroxide pellets. 
This fraction was also optically scanned to 
detect a.rzy protein. 
All the tubing employed was preboiled in distilled water. 
The residues in each case were taken up in a small volume of 
verona.l buffer, ionic strength 0.01 and pH 8.6 and electro-
phoresed on cellulose acetate. 
Figures 49 and SO show that a number of the fractions 
normally discarded still contain some albunun. These were 
the initial TOA supernatant, the TOA globulin precipitate and 
the HCl globulin precipitate. These fractions containing 
albumin were pooled separately for the normal and cadmium-
poisoned sera. The albumin was then separated from the 
other contaminating substances by ion exchange chromatography 
on carbo:xymethyl (OA) cellulose as follows:-
The new microgranular form (CM32) of cellulose was pre-
pared by cycling in o. 5N sodium hydroxide, water to pH 8. 0, 
in 0.5'{ HCl, and finally in water till neutral. The cellulose 
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FIG. 49 
MISSING PEPTIDE - ELECTROPHORESIS. 
PREPARATIONS FROM NORMAL MONKEY. 
TCA ETHANOL METHOD 
1. SUPERNATENT AND WASHINGS. 
2. DIALYSIS FLUID FROM 1. 
3. GLOBULIN PRECIPITATE. 
4. DIALYSIS FLUID FROM 3. 
5. PURIFIED ALBUMIN. 
6, DIALYSIS FLUID FROM 5. 
HCI ETHANOL METHOD 
7. GLOBULIN PRECIPITATE . 
8. DIA LY SIS FLUID FROM 7. 
9. PURIFIEO ALBUMIN . 
10. DIALYSIS FLUID FROM 9. 
11. FINAL SUPERNATENT. 
FIG. 50 
MISSING PEPTIDE - ELECTROPHORESIS. 
PREPARATIONS FROM CADMIUM MONKEY. 
TCA ETHANOL METHOD. 
1. SUPERNATENT AND WASHINGS. 
2 . DIALYSIS FLUID FROM 1. 
3. GLOBULIN PRECIPITATE. 
4. DIALYSIS FLUID FROM 3. 
5. PURIFIED ALBUMIN. 
6. DIALYSIS FLUID FROM 5, 
HCI ETHANOL METHOD. 
7. GLOBULIN PRECIPITATE. 
8. DIALYSIS FLUID FROM 7. 
9. PURIFIED ALBUMIN. 
10. DIALY?IS FLUID FROM 9. 
11. FINAL SUPERNATENT. 
was then washed with several volumes of starting buffer. 
This whole operation was carried out in a Buchner funnel. 
Packing of the column was by the funnel method as described 
for Sephadex. The colunm was equilibrated by pumping through 
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starting buffer overnight, and the samples to be ci"J.I'Omatographed 
dialysed against the same buffer. 
The buffers and gradient used were those advocated by 
Potgieter (1964)( 108). Elution was started with o.o8M sodium 
acetate - acetic acid at pH 4.25 and completed with 0.15M 
sodium acetate - acetic acid at pH 5.25. The gradient was 
linear and the mixing chamber contained 150 ml. The column 
(25 x 1. 7 cm.) was run at 15 ml./hr. The eluate was monitored 
through an LKB Uvicord, set at 262 mµ, and recorded (Fig. 51A 
and B). Albumin, which was the first protein to emerge, was 
collected, dialysed till free of buffer salts and freeze-dried. 
Albumins were then monitored through a Sephadex G75 column 
in the usual wa:y to check the size. Figs. 52A and B show the 
records for the albumin from normal and poisoned zoonkeys. 
It is evident that a:rzy albumin lost from normal serum 
during its preparation was of nonnal size. However, that 
lost from the serum of cadmium-poisoned ani:ma.ls was ma.inly 
the small variety. This was not an unexpected finding as 
Adiga, Rao, Hussa and Winnick ( 1966) ( 164) have shown that 
low concentrations of TCA may lead to loss of peptides and 
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part of the minialbumin could escape precipitation by the 
concentrations of TCA used in the procedure. 
Such albumin might be the usual minialbumin., lost 
through dialysis or by the lack of precipitation. On the 
other hand, if it contained the "missing peptide" it should 
contain the two tryptophan residues. Lost albumin after 
dialysis in boiled tubing and lyophilization was., therefore, 
analysed for tryptophan by the pIMA.B method as described 
earlier. 
Table 22 shows that there was complete absence of tryp-
tophan in this fraction which could, therefore., be assumed 
to be minialbumin which was discarded during the usual pre-
parative procedure. 
TABLE 22. 
Detennination of tryptophan in the "lost peptide" 
• Sample Extinction at 580 mµ 
Tryptophan Stds. 
10 µg 0.041 
20 µg 0.083 
30 µg 0.129 
40 µg 0.180 
50 µg 0.235 
Albumin fraction 0.002 
(5.7 mg. protein - 0.03 residues/mole = 
I 
• Values have been corrected for blank readings. 
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II 12. (vi) Immunological studies 
The characterization, by immunological tests, 
of the anomalous albumins produced by cadmium poisoning, 
was pertinent to this study because of the high degree of 
specificity and sensitivity afforded by these methods. 
Both i.mmunoelectrophoretic and double diffusion tech-
niques involving the use of uni and polyvalent antisera were 
employed. ( 121) (Reported ). 
(a) Preparation of antisera 
As a.ntisera suitable for these antigenic studies 
were not readily available conunercially, they had to be pre-
pared. Both antisera to whole serum and to the isolated 
albumins were prepared. 
The polyvalent antiserum was made essentially by the 
method of Mandy, Rivers and Nisonoff (1961)( 165) in which 
rabbits were given 1 ml. of a 1% (w/v) protein solution in 
physiological saline (o.8.5}1'. w/v) two to three times weekly 
for a period of 5 to 6 weeks. The antigen was introduced 
into the marginal ear vein using a 21 gauge needle and dis-
posable syringe. Inoculations were given alternately into 
the left and right ears. After a resting period of one 
week, the animals were test bled by withdrawing 5 ml. blood 
from the ear vein with a syringe, and then given a further 
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1 ml. of the antigen. Subsequent bleeding (perfonned by 
nicking the ear vein with a razor blade and allowing the 
blood to flow into a collecting vessel) and inoculation 
was carried out at 1 to 2 weekly intervals. In each in-
stance, blood was allowed to clot before separation and 
examination of antigenic activity by reaction with 1% (v/v) 
whole serum in physiological saline (0.8!:f'fa w/v). 
of high titre were obtained and pooled. 
.Antisera 
Antisera to the discrete albumin fractions (normal 
size and minialbumin from the serum) was prepared by the 
method of Fahey and McLaughlin ( 1963) ( 
166). Only pure 
albumin fractions, i.e. preparations showing a single pre-
cipitin line against polyvalent antiserum, were used. 
Three mg. of the dried protein solution was dissolved in 
1 ml. physiological saline (0.8.5}6 w/v) and emulsified 
with an equal volume of complete Freunc?s adjuvant. This 
was injected intramuscularly into the inner side of the 
thigh of a hind limb of the rabbit. Five weeks following 
this a further injection using the same amount of protein 
but incomplete Freund's adjuvant was given intramuscularly 
into the other hind limb. After a 3 to 4 week interval 
the animal was test bled from the marginal ear vein. 
Subsequent inmunization, preceded by bleeding, was by 
intramuscular injection of 2.5 mg. protein in ad.juvant at 
4 weekly intervals. The blood collected was allowed to 
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clot and the separated serum tested for potency by reaction 
with the appropriate albumin and specificity by reaction 
with whole serum. 
Sterilization of the proteins used for antiserum pro-
duction was effected by passage through a sterile millipore 
filter adapter containing a GS filter pad of pore size 0.22 µ. 
The apparatus was autoclaved at 15 lb. pressure for 15 min. 
before use. 
The titre of the antisera produced was tested by the 
method of doubling dilutions( 167). 0.1 ml. of doubling 
dilutions of the antiserwn from 1 - 1/64 were carefully 
layered onto 0.1 ml. of the antigen (a 17{ (w/v) protein 
solution) in Dreyer tubes. A ring of precipitate at the 
interface was indicative of activity. When precipitation 
was obtained with dilutions up to 1/16 - 1/32, the titre 
was considered high enough. Usually the higher concen-
trations of antiserum fonned a precipitin ring within an 
hour while the more dilute ones were allowed to react over-
night. The polyvalent rabbit antiserum had good titres 
against the serum globulins as well as against albumin, 
and was therefore suitable for testing the purity of pre-
parations. The univalent antiserum was used in specific 
tests and in cross reactions to determine whether or not 
identity and complete antigenic activity existed between 
the large and small molecules of albumin. 
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(b) Imrm.moelectrophoresis 
Since Grabar and Williams (1955/
110) introduced 
this technique it has been widely applied because of its 
precision and sensitivity. For our purposes, it provided 
not only an excellent method for identifying proteins, but 
also one for detevnining their degree of purity, since anti-
bodies have been shown to have a very high specificity for 
their homologous antigens( 168). 
The principle involved an initial electrophoresis in 
agar gel, followed by immuno-diffusion which was performed 
by applying antiserum in strips parallel to the electrophore-
tic run, and then incubating. Both the antiserum and the 
proteins diffused laterally, and where the antibody encoun-
tered its specifically combining antigen in zones of optimal 
proportions, mutual precipitation occurred. 
The supporting medium of agar was of paramount importarice. 
Agarose (Seravac Laboratories, S.A.), a neutral galactose 
polymer consisting of alternate residues of 3.6 anhydro-L-
ga.lactose and galactose was found to be a more suitable 
product than Ionagar ( a mixture of agaropectin. and agarose) 
discussed and used by Wunderly (1959)( 169). This was by 
virtue of its lack of charged particles, which lead to poor 
resolution owing to endosmotic effects. Due to its low 
protein nitrogen content, agarose exhibited much less back-
ground s tainLn.g a ~..irther advantage. 
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A 1% ( w/v) gel was ideal, and this was prepared in 
O.O:i,1: tris-(hydro:xy-methyl) amino methane-HCl ( tris) buffer 
at pH 8.4, containing 500 mg. of sodium azide per litre. 
Sodium azide was used as the antiseptic because it does 
not ionise to any extent, does not combine with the proteins 
and is efficient(17°). The agar was prepared by boiling 
with the buffer until completely translucent. Loss of water 
by evaporation was made good. The solution was plated onto 
levelled glass slides (7.5 x 5 cm. and precleaned in ethanol 
and flamed) by means of a plastic syringe to give a gel 1 - 2 mm. 
thick. Gelling occurred almost immediately and plates were 
ready for use within 1 hr. Off-centre wells were punched 
out of the gel with the aid of a flat-tipped pasteur pipette, 
and the canals for antiserum were made by punching out small 
wells at either end of a slit cut with a sharp scalpel blade. 
The wells and the canals were 1 mm. in diameter and 2.5 - 3 nm. 
apart. 
A perspex tank with the buffer compartments and electro-
phoretic chamber separated from each other was used. The 
actual chamber had a built-in cooling system which minimized 
condensation, and an airtight cover which largely reduced 
convection currents and maintained a constant degree of 
saturation (Fig. 53). 
The tank buffer selected was 0.1M tris-HCl at pH 8.4(171), 
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barbitone buffers were also tested but gave poorer results 
at this pH. Wha.tman No. 1 filter paper strips were used 
as wicks and the plates -were alloed to equilibrate in the 
tank for a short while before application of the samples. 
The samples freed of salt, as this caused shrinking 
and swelling of the gel., vvere run into the wells with a 
micro-pasteur pipette. Phenol red ( G. T. Gurr) was used 
as a marker as it ran slightly ahead of albumin under these 
conditions. A potential difference of 300V was applied 
and the run was completed in 20 - 30 min. 
Antiserum was then introduced into the canals with a 
micro-pasteur pipette and the plates incubated in a moist 
0 airtight chamber at O for about 16 hr. Unprecipitated 
protein and antiserum were then removed by dialysis against 
several changes of cold physiological saline. The plates 
were now ready for staining. The precipitin arcs were 
fixed by standing the plate in an ethanol-acetic acid-
water mixture ( 70 : 5 : 25., v/v/v) for .30 min., and then 
stained in O.O~b (w/v) aqueous nigrosin (G.T. GUIT) for 
1 - 2 hr. The background was cleared by washing with 5fe ( v/v) 
acetic acid. Plates were air-dried under cover. It was 
unnecessary to dry the plates before staining., as advocated 
by some workers. 
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A1. NORMAL MONKEY WHOLE SERUM. 
2. CADMUM MONKEY NORMAL SERUM ALBUMIN. 
3. NORMAL MONKEY WHOLE SERUM. 
4. CADMIIJ.1 MONKEY MINI SERUM ALBUMIN. 
81. NORMAL MONKEY WHOLE SERUM. 
2. CADMIUM MONKEY NORMAL URINARY ALBUMIN. 
3. NORMAL MONKEY WHOLE SERUM. 
4. CADMIUM MONKEY MINI URINARY ALBUMIN. 
A & B ANTI WHOLE NORMAL SERUM ANTISERUM. · 
FIG. 55 
IMMUNOELECTROPHORETIC PATTERNS. 
A 3 4 B 
Al C. 81. NORMAL MONKEY SERUM ALBUMIN. 
A2 I. B2 CADMIU!-1 MONKEY NORMAL SERUM ALBUMIN. 
Al t. B3 NORMAL MONKEY SERUM ALBUMIN. 
A4 t. 84 CADMIUM MONKEY MINI SERUM ALBUMIN. 
A. ANTI NORMAL ALBUMIN ANTISERUM. 
B. ANTI MINIALBUMIN ANTISERUM. 
whole serum. The single precipitin arcs were indicative 
of pure preparations. The specificity of the isolated 
albumins is demonstrated in Fig. 55 where antialbumin 
antisera have been used. It can be seen that the electro-
phoretic mobility and antigenic reaction of the albumins, 
both large and small, from nonnal and cadmium-poisoned 
animals were closely similar. Minialbumin tended to run 
a little faster than the nonnal size albumin. 
(c) Ouchterlony Technique 
This technique described(134) and later revised( 172) 
by Ouchterloizy- was designed to recognise antigenic identity 
between proteins, and was therefore vecy useful to us. 
Agarose plates were prepared in a fashion identical with 
that described for immunoelectrophoresis. A template, con-
sisting of a central punching tube, surrounded by six synme-
trically spaced tubes of equal diameter was used to cut the 
wells. 
Antiserum was usually placed in the centre well, while 
the proteins to be tested filled the encircling hexagonal 
set of wells. Immunodiffusion was allowed to proceed over-
night (or longer if necessary) in a moist airtight chamber 
0 at O. Thereaf'ter, the washing and staining techniques 
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2. CAD~UM MONKEY MINI SERUM ALBUMIN . 
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ANTI MINIALBUMIN ANTI SERUM. 
It is evident from the absence of spur fonna.tion 
(Fig. 56) that the different size albumins, irrespective 
of their source (viz. serum or urine) are antigenically 
identical and indistinguishable. 
Fig. 57 shows plates where the antiseru.~ used was 
prepared against minialbumin, i.e. it was anti-minialbumin. 
Precipitin lines accrued when nonnal monkey albumin was the 
antigen, showing that minialbumin itself can f'unction as a 
complete antigen. 
II 12. (vii) Ultracentrifugal studies and determination of 
molecular weight'* 
Although approximate values for the molecular 
weights of the albumins occurring in cadmium-poisoned animals 
could be derived from the gel filtration studies, it was high-
ly desirable to know their precise molecular weights. 
• This section of the thesis has been included for the sake 
of completeness. We are indebted to Dr. A. Polson for 
the specialized information here, and for his kind co-
operation. In this context, we wish to put on record 
our appreciation of the earlier determinations made for 
us by Dr. R.A. Kekwick,of the Lister Institute, London, 
which indirectly contributed much to the present work. 
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From a knowledge of the sedimentation and diffusion 
coefficients of the protein in question, the molecular weight 
could be derived from the following fonnula( 173,174). 
M = (1 - vp) w2 X : @. dt 
where M is the molecular weight, vis the partial specif'ic 
volume, and f is the molar frictional coefficient. However, 
f can be determined from the diffusion constant (D) because 
f RI.' = n 
and since the sedimentation constant 
s = <!?r/dt 2 
W X 
the equation can be reduced to the following fonn 
M 
The symbols have the following designation: 
M, V, D ands as above 
R = gas constant 
T = absolute teJJi>erature 
f = density of the mediwn. 
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(a) Determination of the sedimentation coefficients 
The sedimentation constants were measured with a 
Beckman Spinco Model E analytical ultracentrifuge( 175,176). 
The concentration gradient curve in the cell was directly 
observed by a suitable optical system and light of a w--ave-
length such that it was absorbed by the sedimenting substance. 
A direct method of photography involving refraction, and deve-
loped by Philpot (1938)( 177) and Andersson (1939)(178), was 
used. This gave a diagram relating the refractive index 
gradient with height in the column of solution. 
As centrifugation proceeded, the sedimenting boundary 
was gradually lowered. The change in refractive index at 
the boundary could be observed, and fran this the ra. te of 
movement of the bounda.Iy downwards was followed. The Schlieren 
system of lenses was used and projected the boundary as a peak 
because the rate of change of refractive index was greatest at 
the centre of the sedimenting boundary, and deviation of light 
rays was directly proportional to the change in refractive in-
dex. Hence, by measuring this rate of sedimentation (by fol-
lowing the movement of the peak), and plotting it against time, 
a straight line, whose slope was indicative of the sedimentation 
velocity, was obtained(179, 180). 
The calculation of the sedimentation coefficient involved 
the sedimentation velocity and data regarding angular spin (w) 




d log ;(dt 
2 
X W 
A synthetic boundary cell was used and the albumins 
analysed were o.6'}{ (w/v) solutions of protein in 0.9}6 (w/v) 
sodium chloride. A speed of 56,100 rev./min. was employed 
and photographs of the peak vrere talcen at intervals of 16 min. 
Fig. 58 shows the ultracentrifugal patterns for disaggre-
gated mini, normal albumin and high molecular weight aggregates 
of albumin from a cadmium-poisoned monkey. In Fig. 58A the 
bulk of the material (approximately 6CJJ/o) had a sedimentation 
coefficient of less than 1 Svedberg unit (minialbumin), but 
on account of its inhomogeneity, no accurate sedimentation 
constant could be calculated. The rest of the protein travel-
led as a peak for which the sedimentation coefficient was cal-
culated as s20,w = 4.75. Within the limits of error of the 
experiment, this coefficient corresponds to that of nonnal 
serum albumin. This same preparation, previously run in 
higher salt concentrations appeared to consist only of mole-
cules less than 10,000 in molecuL.9.r' weight. Seru.~ minialbumin 
isolated from another monkey, and run in the higher salt concen-
tration (0.2M NaCl) also showed a Freponderance of molecules of 
1,101. wt. 1 O,OOO, but contained larger and smaller molecules as 
well. Such results are in keeping vtith the aggregation pheno-
menon discussed. (Reported( 121 )). 
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The nonnal size albumin from cadmium poisoned animals 
was the only fraction homogeneous on ultracentrifugation 
(Fig. 58B). The sedimentation coefficient was calculated 
-13 as s20,w = 4.23 x 10 (Fig. 59 shows the graph from which 
this was determined as an example). 
A fraction containing larger aggregates which separated 
completely from the nonneJ. size albumins, was resolved into 
3 components which passed through a column of dextran gel 
(65 x 3.5 cm. and a flow rate of 15 ml./hr.) on centrifuga-
tion (Fig. 58c). These had the following sedimentation 
coefficients: 
s 20,w = 3.47 
s 20,w = 7.07 
s = 8. 77 (trace) 20,w 
The smallest of these had obviously undergone disaggre-
gation after separation on the Sephadex column, as it is 
smaller in size than nonnal albumin, eluted behind it. 
(b) Determination of the diffusion coefficients 
Diffusion coefficients, dependent on the molecular 
size and shape of the substance in question can be measured 
satisfactorily by the method of Cohen and Bruins ( 192.3) (f81 ). 
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DETERMINATION OF SEDIMENTATION 
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16 32 ~ 
TIME IN MINS. 
-13 5iow =- 4·23 x 10 
64 
involved photography of a vertical uniform transparent scale. 
through the cell, in which protein in solution had been allowed 
to diffuse by exposing it to the solvent. The refractive 
index gradient at the diffusion boundary produces a distorted 
image of the scale by deviation of the light rays. As re-
:f"ractive index was a linear function of the concentration, 
the scale line displacement was proportional to the concentra-
tion gradient. Fran such readings diffusion constants could 
Diffusion constants for the albumins in question were 
not actually determined because of the anomalies in molecular 
weight of the aggregating fractions. However, the diffusion 
constant for normal serum albumin is known, and that of urinary 
minialbumin has been determined as 10.61 x 10-7 crl/sec. 
(Gain and Kench, 1965(65)). 
The partial specific volumes have been assumed to be the 
same as those of normal albumin because of the similarity in 
amino acid composition. 
(c) Detennination of molecular weight 
From the above para.meters the molecular weights of 
the albumins found in cadmium-poisoned animals could be cal-
culated. 
Both the serum and urine of such animals contained a 
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series of albumin molecules ranging in molecular weights 
f'rom 5,000 to 170,000. Serum ndnialbumin comprised main-
ly molecules of Mol. wt. 5,000 and 10,000, while the major 
portion of' the urinary albumin had a Mol. wt. of 20,000. 
The molecules of 140,000 are possible dimers of' the 
nonnal size albumin (67,000), while the 170,000 particles 
may arise as polymers of the smaller aggregating units. 
II 12. (viii) High voltage electrophoresis 
In view of the aggregation-disaggregation 
phenomena, an attempt was made to separate the small mole-
cules(:!: 5,000 M.w.) thought to be the combining units. 
As the albumin molecule is a single polypeptide chain with 
no repeating unit, fragmentation would be expected to give 
rise to a series of differently charged peptides, separable 
by high voltage electrophoresis. If minialbumin consisted 
of such a mixture of peptides f'onned by partial proteolysis 
of serum albumin, high voltage electrophoresis should be 
effective in separating a n1.lmber of components. 
Electrophoresis of' the isolated albumins in agar and on 
cellulose acetate revealed them as single entities with the 
same electrophoretic mobility as no:nna.l alb\lmin obtained from 
unpoisoned animals. 
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A "Pherograph Original Frankfurt" unit was subsequently 
used in which the electrophoretic chamber, supplied with a 
voltage multiplier, high voltage leads and platinum electrodes, 
was kept at constant temperature with thennostatically control-
led cooling coils of tinned copper, arranged in series(183). 
The buffers used must possess a certain degree of con-
ducti vi ty and capacity. However, most buffers suitable for 
work with active proteins have low capacity. A veronal buffer, 
containing 12 g. of barbituri.c acia/1. and initially dissolved 
in 23 ml. of hot 2N sodium hydroxide and adjusted to pH 8.6 
with 2N NaOH after cooling, was used(184). Urea, in a final 
concentration of 2M could be incorporated into the buffer with 
no apparent upset to the running conditions. 
The paper, 40 x 37 cm., was soaked in the buffer and then 
placed on filter paper and pressed with a roller in one di rec-
tion only, to remove excess moisture. The paper was then 
transferred to the tank and rolled onto the dry plate glass 
surface 
bubbles. 
from the inside outwards, thus expelling all air 
Thicker strips, moist with the same buffer, were 
placed across the ends, and the platinum electrodes, encased 
in plastic, positioned on these. Contact between the paper 
and electrodes was uniform throughout. 
It was usual to pencil in a starting line before soaking 
the paper. This was positioned according to the pH of the 
buffer and the electric charges on the substances to be run. 
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Thus at pH 8.6, albumins would be negatively charged and 
were therefore spotted closer to the cathode end. The 
sample was applied 1 to 3 times with a very fine tipped 
bulb pipette either in spots or strips using a ruler as 
a guide. Phenol red, with practically the same mobility 
as albumin, was used as a marker. The electrophoresis 
chamber was covered by plate glass to maintain a constant 
environment, and the voltage desired was selected. Cur-
rent should not exceed 120 mA at the chosen voltage. 
Using the pH 8.6 verona.l buffer, electrophoresis was con-
tinued for 2 hr. at a potential difference of 1200 V and 
a current of 20 mA. Higher voltage could not be used 
because the buffer volatilized too rapidly and this lead 
to overheating. 
A~er electrophoresis, the paper was oven-dried and 
then stained with lissamine green (o.97~ (w/v) in 1.5ft 
( w/v) salicylsulphonic acid) and cleared with 2fo ( v/v) 
acetic acid. Alternatively, amido black (a saturated 
solution in 7/o ( v/v) acetic acid) could be used. Under 
the above conditions disappointing results were obtained. 
The al'rumins moved as apparently single, but trailing bands 
(Fig. 60). 
It was, therefore, decided to run the albumins in a 
less volatile buffer at lower pH. The buffer selected 
was a pyridine-acetic acid-water (10 : 0.4 : 90, v/v/v) 
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FIG. 60 
HIGH VOLTAGE · ELECTROPHORESIS 
AT pH 8·6 
A B C 
A. NORMAL MONKEY SERUM ALBUMIN. 
· B. CADMIUM MONKEY NORMAL SERUM ALBUMIN. 
C. CADMIUM MONKEY ~I SERUM ALBUMIN. 
FIG. 61 
HIGH VOLTAGE ELECTROPHORESIS 







A. NORMAL MONKEY SERUM ALBUMIN. 
C 
B. CADMIUM MONKEY NORMAL SERUM ALBUMIN. 
C. CADMIUM MONKEY MINI SERUM ALBUMIN. 
mixture at pH 6.5 as described for separation of peptides. 
Potential differences of 1,500 V to 3,000 V were employed 
for periods ranging from 1 to 2 hr. lliplicate strips 
were stained for protein with lissaro:ine green as above, 
and for peptides with ninhydrin. These runs were somewhat 
more successful, but still did not clearly demarcate a num-
ber of fragments. However, it was evident that albumin 
from cadmium-poisoned animals contained more than one com-
ponent. Fig. 61 shows a typical pattern. 
II 12. (ix) Polyacrylamide electrophoresis 
This technique was also tried in a :further attempt 
to separate the peptides which may constitute the minialbumins 
of poisoned animals, as it could be operated in the presence 
or absence of urea. 
An "Acrylophor" (Pleuger) kit was used. The apparatus 
and ninning principles involved were those described by 
Bloemenda.1(185•186), Bloemendal et al (1962) 187 and Aronson 
and G~nwall (1957)(188). The tank consisted of a cover 
plate, connected with a circular platinum electrode, an upper 
electrode vessel with o-rings, and a lower circular platinum 
electrode attached to the lower electrode vessel (Fig. 62). 
A Pleuger type V-80 power pack with constant voltage was 
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The gel was prepared by mixing together equal volumes 
of the following four reagents in the order given. 
(1) 30 g. acrylamide + o.8 g. N N'methylene-
bisacrylamide in a. final volume of 100 ml. 
(store in a dark bottle). 
(ii) 1.6% (w/v) dimethylaminopropinonitril in 
the electrode buffer. 
(iii) O.Y/o (w/v) potassium feITicyanide. 
(iv) o.W (w/v) amnonium persulfate. 
All the solutions were prepared in doubly distilled 
0 water, and could be kept at O for 3 to 4 weeks. However, 
they had to be wanned to room temperature for the gel pre-
paration. Gels were allowed to stand at room temperature 
for 45 min. while polymerization occurred, after which the 
unpolymerized layer was discarded and the top of the gel 
washed twice with buffer. The empty part of the tubes was 
then filled with buffer and the sample (mixed with sucrose) 
layered onto the buffer-gel interface with a. micro-cap. 
The tubes were then inserted into the upper electrode 
vessel and placed in the tank. Any air trapped at the base 
of the tube was removed with a bent pasteur pipette. The 
buffer used in both the upper and lower electrode vessels 
was a tris-glycine mixture at pH 8.5 containing 3 g. tris-
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( hydroJC31Inethyl) amino methane and 14.4 g. glycine per 100 ml. 
doubly distilled water, and diluted 10 times before use. A 
few drops of bromophenol blue marker were added to the upper 
vessel. 
A potential difference of 8oV was applied for the first 
45 min. This was stepped up to 160V for a subsequent 15 min. 
Progress was gauged by the marker, some of which attached it-
self to the albumin, and some ran slightly ahead of it as a 
thin blue band of free indicator. 
On co:npletion of a run the buffer was decanted, the tubes 
detached from the electrode vessel, and the gels removed by 
injection of water from a blunt needle and syringe inserted 
between the tube wall and the gel surface. 
Staining was continued for at least 30 min. with a 
saturated solution of amido black in 7% (v/v) acetic acid. 
Gels were decolourized by washing with 7fo ( v/v) acetic acid 
initially and then transferring them to constricted tubes 
and subjecting them to a potential difference of 80V, using 
7% (v/v) acetic acid in both electrode vessels. The decolourized 
gels can be stored in the acetic acid without loss of colour 
for several months. 
Where urea was incorporated into the gels, solid urea 
was added to the mixed, but unpolymerized gel, to give a 
final concentration of 'Z!/o ( w/v). It apparently had no effect 
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on the gelling process. 
This technique provided valuable information on the 
interrelationships between nonnal size and minialbumins 
:from cadmium-poisoned monkeys. Electrophoretic pattezns 
of whole sera, both with and without urea, appeared to be 
identical for both nonnal and poisoned animals (Fig. 63 
and 64). However, isolated large size albumins :from cad-
mium monkeys shown to be homogeneous on ultracentrifugation 
as already described separated into two or three bands on 
electrophoresis in polyacrylamide gel. Minialbumin from 
the same animals exhibited :four and sometimes five bands. 
These were slightly zoore pronounced in the urea gels (Fig. 
63 and 64). All these albumins, however, gave only a 
single precipitin arc as for albumin with a multivalent 
antisenmi. The results seem indicative of the presence, 
within the albumin molecule, of fragments or polymers with 
slightly different electrical charges. These :findings 
lend to support the hypothesis that minialbumin contains 
a number o:f pol~eptides, the overall amino composition 
of which, as we have already seen, closely resembles that 





1. 1-0RMAL MONKEY WHOLE SERUM. 
2. CADMIUM MONKEY WHOLE SERUM. 
3. NORMAL MONKEY SERUM ALBUMIN. 
4. CADMIUM MONKEY NORMAL SERUM ALBUMIN . 
5. CADMIUM MONKEY MINI SERUM ALBUMIN. 
6. CADMIUM MONKEY NORMAL URINARY ALBUMIN . 
7. CADMIUM MONKEY MINI URINARY ALBUMIN . 
FIG. 64 
POLYACRYLA·MIDE ELECTROPHORESIS 
IN 2°/o UREA. 
1. NORMAL MONKEY WHOLE SERUM. 
2. CADMIUM MONKEY WHOLE SERUM. 
l NORMAL MONKEY SERlJM ALBUMIN. 
4. CADMIUM MONKEY NORMAL SERUM ALBUMIN. 
5. CADMIUM MONKEY MINI SERUM ALBUMIN . 
6. CADMIUM MONKEY NORMAL URINARY ALBUMIN. 
7. CADMIUM MONKEY MINI URINARY ALBUMIN. 
II 12. (x) Starch urea gel electrophoresis 
In 1961, Edelman and Poulik( 189) employed a 
starch-urea gel for the separation of the chains of Y globu-
lins. In view of the fact that urea had proved to be use-
:ful to some extent in the prevention of aggregation of the 
minialbumin, it was thought that starch-urea gel electro-
phoresis might reveal some of the peptides thought to con-
stitute the albumin from cadmium-poisoned monkeys. 
62 g. of hydrolysed starch (Conna.ught Laboratories, 
Toronto) and 240 g. of urea were mixed together dry. The 
:final concentration of urea was &i. Aliquots of' this mix-
ture were gradually transferred to a litre beaker containing 
250 ml. of fonna.te buffer, pH 2.9 - 3.0 (0.05M fonnic acid 
and 0.01M sodium hydroxide), with continuous stirring. The 
mixture was heated in a water bath at 70° until completely 
dissolved. It was necessary to stir all the time. The 
transparent gel was then poured into a prepared, levelled 
tray, and the lid, greased with liquid paraffin, gently 
lowered till all air bubbles were expelled. The lid was 
weighted down, and the gel left to set for 24 hr. before 
being used. 
When ready, the lid was gently removed by gradual lift-
ing from the edges inwards, and the gel covered with a layer 
of parafilm (a plastic waterproof material) to within -! - 1" 
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of the slots. Application of the samples was effected 
with a micro pasteur pipette and the exposed gel surface 
then covered with molten vaseline to fonn an airtight seal. 
Electrophoresis was carried out in the vertical plane 
using a fonnate bu:f'fer and silver-silver chloride electrodes 
prepared as described under zone electrophoresis on cellulose. 
The buffer, 0.2M fon:nic acid and o.ottn sodium hydroxide, was 
used in both cathode buffer tank chambers, while the anode 
was housed in 10}& (w/v) sodium chloride. Whatman No. 4 
filter paper served as wicks and electrophoresis was carried 
out for 16 hr. under a potential difference of 5 V/ cm. (Fig. 
65). 
On canpletion of the run, the vaseline and para.film were 
removed and the gel placed in the cold for 15 min. to facili-
tate slicing. After removal of the end sections, the gel 
was cut across the spotting line and transferred to a cutting 
plate in two sections where it was sliced into two longitudinal-
1y by means of a wire cutter. One section was stained with a 
saturated solution of amido black in a methanol-acetic acid-
water mixture (5 : 5 : 1, v/v/v/ 190) for 5 to 6 min. and 
then washed in the same solvent for several hr. The stained 
gel could be kept in the solvent for long periods without 
deterioration. The remaining section was cut into strips, 
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Fig. 66 shows the electrophoretic patterns of the 
various isolated albumins. Aggregated albu:nin from a 
poisoned monkey clearly showed a number of bands. How--
ever, under these conditions nonna.1 albumin, homogeneous 
on ultracentrifugation and giving only one precipitin arc 
against a polyvalent antiserum, also showed more than one 
bend. The additional bands may be polymers(191). The 
disaggregated 5,000 to 10,000 molecular weight minialbumins 
gave only 2 to 3 bands, corresponding in position to some 
of the bands derived from larger albumin molecules of the 
srune animals. 
In case the low pH and high urea concentration present 
in the former experiment was causing fragmentation of the 
molecules in the gel, it was decided to subject these same 
albumin samples to electrophoresis in a gel at a higher pH 
and with a lower concentration of urea. 
The buffer systems chosen for the starch and for the 
electrode chambers were those recommended by Smithies(192) 
for use in ordinary starch gel electrophoresis. The gel 
buffer was a 0.027M boric acid: 0.010&.i sodi1.1n h;ydroxide 
mixture at pH 8.6, while the electrode buf'fer at the same 
Fig. 67 shows that under these conditions there was 
more than one band of protein in the albumin fractions. 
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FIG. 66 
STARCH UREA GEL ELECTROPHORESIS 
AT pH 2·9 
A. NORMAL MONKEY NORMAL SERUM ALBUMIN. 
B, CADMIUM MONKEY TOTAL SERUM ALBUMINS. 
C. CADMIUM MONKEY SERUM MINIALBUMIN. 
D. CADMIUM MONKEY URINARY MINfALBUMIN. 
FIG. 67 
STARCH UREA GEL ELECTROPHORESIS 
AT pH 8·6 
A. NORMAL MONKEY NORMAL SERUM ALBUMIN. 
a CADMIUM MONKEY TOTAL SERUM ALBUMINS. 
C. CADMIUM MONKEY SERUM MINIALBUMIN. 
0. CADMIUM MONKEY OOINARV MINIALBUMIN. 
However, there were fewer than in the original gels indicating 
that the high urea and low pH may have hydrolysed the albumin 
to some extent. 
II 12. (rl) Peptide mapping 
A complete knowledge of the amino acid structure 
of the serum and urinary albumins of nonnal and cadmium-poisoned 
monkeys is a necessary prerequisite to a thorough understanding 
of the biochemical lesion caused by cadmium. This would in-
volve finger-printing, peptide mapping and N- and c-tenninal 
analysis. Owing to shortage of time and material such a stud¥ 
could not, at present, be undertaken. However, it was thought 
that comparison of the peptides arising by tryptic digestion 
could possibly elicit interesting differences. 
The procedure essentially followed was that of Poortmans, 
van Fraechem and Segers ( 1966) ( 193). The protein ( usually 10 
mg.) was dissolved in 5 ml. of o.o~ tris-(hydro:xy methyl)amino 
metha.ne-HCl buffer, pH 8.0 and reduced w.i.th 0.1 equivalents/1. 
of mercaptoethanol for 2 hr. at room temperature with intermit-
tent shaking. Alk;ylation, with 0.2 equivalents/1. of iodaceta-
mide, stopped the reduction. The mixtures were then dialysed 
free of excess reducing and alkylating agents and l.yophilized. 
The dried protein, dissolved in 0.01:M tris-HCl, pH 8.o, was then 
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digested with trypsin ( o. 5 mg. trypsin 1 : 250 - Difeo to 
10 mg. protein) for 18 hr. at 37°. The trypsin activity 
was then destroyed by addition of 1M HCl to pH 2.2, and 
the residues lyophilized. Separation of the peptides was 
in two dimensions. The initial step was electrophoresis 
in a pyridine-acetic acid-water ( 10 : 0.4 : 90, v/v/v) buf-
fer, pH 6.5, and was carried out in the high voltage electro-
phoresis unit for 60 min. with a potential difference of 
50 V/cm. A test electrophoretic strip was always run with 
the eJi;perimental strip. This was followed by ascending 
chromatography in butanol-acetic acid-water (3: 1 : 1, v/v/v) 
for 16 - 18 hr. The paper was oven-dried after each dimen-
sion. Peptides were located by spraying with a ninhydrin 
solution( 191+) and heating with care. Spots were circled 
with pencil lines as the colours tended to fade fairly rapidly. 
Fig. 68A and Bare typical examples of the maps obtained fran 
nonnal sized albumins from nonnal and cadmium monkeys. 
Fig. 69 shows the patterns for the various albumins 
superimposed on one another to facilitate a comparison between 
them. It is clear that one of the positively charged frag-
ments is missing from the digests obtained from albumins of 
cadmium-poisoned animals. This immediately suggested a 
check of the quantities of tryptopban in the various peptides 
to discover whether or not this was the one supposedly lost 
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FIG. 68 
PEPTIDE MAPS OF SERUM ALBUMINS. 
. A . NORMAL MONKEY. 
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PEPTIDES COMMON TO ALL DIGESTS. 
PEPTIDE SOMETIMES PRESENT IN MINIALBUMIN. 
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ALBUMIN FROM POISONED ANIMALS. 
under the influence of cadmium ions. 
To do this, tryptic digests of the serum albumin from 
both normal and cadmium-poisoned monkeys were prepared. 
Separation of the peptides was done only in the first di-
mension, i.e. electrophoresis. The digest was spotted 
across the entire width of the paper and run for 60 min. 
at SO V/cm. A naITow strip was cut from the edge of the 
dried paper and stained with ninhydrin to determine the 
position of the spots. The remainder was then cut into 
strips and the peptides eluted by shaking vigorously in 
the same buffer. The dissolved peptides were separated 
by filtering and the strips washed again. The filtrate 
and washings were taken to dryness in vacuo, the residues 
dissolved in 19N H
2so4 and treated for tryptophan by the 
p.IMAB colour method. A blank prepared by elution from 
an equal sized strip of background was run concurrently. 
Tryptophan was not detected in any of the fractions. 
This was probably due to a dearth of material or the method 
of elution. 
The untreated, but pure, isolated albumins from both 
normal and poisoned animals were then compared with the 
tryptic digests to see if aizy of the naturally occurring 
fragments had counterparts in the digests. 
They were electrophoresed under the conditions des-
cribed above and straightaway stained with ninhydrin. As 




COMPARATIVE ELECTROPHORESIS OF 
ALBUMINS AND ·TRYPTIC DIGESTS. 
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PART III 
DISCUSSION 
The experiments described were designed and carried out 
in an attempt to clarify both the origin and nature of the 
albumin produced in cadmium poisoning. Al though a fair 
a.mount of information has been obtained and the balance of 
evidence points to interference by cadmium in the catabolism 
rather than the synthesis of albumin, it is still not known 
exactly at what level, and in what manner cadmium affects 
albumin metabolism. 
The signs of cadmium poisoning were influenced by the 
route of entry of the metal ion. Men who inhaled fume and 
dust containing cadmium oxide suffered from respiratory tract 
disorders usually culminating in acute emphysema, whilst in-
gestion of cadmium resulted in severe gastro-enteri.tis( 4, 23,14). 
These were the local lesions( 23). However, common to all 
types of prolonged cadmium poisoning was the presence of 
proteinuria; and more specifically the excretion of albumin 
of low molecular weight( 4,B,1o). This was discovered on clo-
ser examination of the proteinuria and we believe this protein 
constitutes a characteristic of cadmium poisoning arising 
as a systemic disturbance due to excessive quantities of the 
metal in the tissues. There is s001e controversy concerning 
the pattern of proteinuria; other workers in the field con-
sider that the lesion caused by cadmium is not specific and 
the sedimentation properties of the urinary proteins of patients 
with chronic cadmitm1 poisoning are no different fran those of 
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patients with known tubular dysfunction( 29,57). On the 
other hand, albumin from the serum and urine of nephrotio 
patients has been shown by Rowe( 59) to have the same mole-
cular weight as normal EI'Ulll albumin. Similarly, we have 
found that urinary albumin of patients with nephrotic syn-
drome, chronic nephritis, de Toni-Fanconi's syndrome and 
Kinnea..I"oWilson disease is of normal size (Kench, Gain and 
Sutherland, 1965(195)). 
The electrophoretic profile of the urinary proteins 
of cadmium poisoning was similar to that of serum, but the 
relative distribution was different - albumin being a 
minor instead of a major c0illponent(1o). The distribution 
could also be distinguished from that observed in nephritic 
and nephrotic patients( 21 • 29). 
Besides being instrumental in producing this low mole-
cular albumin, tenned minialbumin, cadmium has numerous 
other known deleterious effects on the metabolic processes 
in living organisms. The general metabolism of the monkeys 
poisoned by cadmium in the afore-mentioned experiments, was 
not markedly upset in most respects, but some changes were 
consistently seen. There was a considerable rise in acti-
vity of serum glutamic oxaloacetate transaminase in chronically 
poisoned monkeys which could be due to hepatic necrosis. In 
fact, evidence for areas of focal necrosis in the liver has 
been obtained from both biopsies and postmortem( 2o). 
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Injected cadmium was rapidly cleared from the blood 
stream and deposited in the tissues or excreted. The 
kidney and liver apparently had a predilection for cadmium., 
and histologically those organs had undergone most change. 
This could account for the above-mentioned biochemical lesions. 
There was usually an overall concentration of about 0.5 mg. 
cadmium per 100 g. of tissue when minialbumin first appeared 
in the urine. In chronically-poisoned animals., the liver 
and kidney contained up to eight times this concentration of 
cadmium. The remaining tissues of the a.nima.l all contained 
cadmium but in somewhat smaller amounts. In this context., 
the protean and sometimes bizarre clinical effects which have 
been ascribed to cadmium - hypertension., ecla.ng;>tic toxaemia., 
anosmia., testicular atrophy - are intriguing. Our experi-
mental studies did not appear to shed any light on these pos-
sible manifestations of cadmium into.xi.cation. One overall 
effect however, that has been consistently observed in the 
experimental studies on rabbits, dogs and monkeys, worthy of 
mention., since it does not appear to happen in man., is a kind 
of thalamic syndrome. All these animals when severely poisoned 
by cadmium became temperamentally most irritable and aggressive. 
Even the rabbits, mild in outlook at the beginning., became furry 
furies after prolonged cadmium intoxication. It is well known 
that cells of the thalamus constitute an important target for 
other heavy metals (e.g. manganese in Morrocan mine workers., 
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copper in hepatolenticular degeneration). 
In the few animals studied, serum aJJ\Ylase rose markedly 
2 - 3 weeks after the initiation of oadmiwn poisoning, which 
suggested that there was some degree of acute pancreatitis. 
Later with more prolonged intoxication, activity of the enzyme 
in serum and urine fell. This could be ascribed to the loss 
of secretory tissue, but it is impossible to make categorical 
statements on the few observations which have so far been made. 
The observation of a pancreatitic lesion raised the issue as 
to whether serum trypsin, which has measurable activity in 
man( 196), could under the circumstances of cadmium poisoning 
bring about some degradation of circulating albwnin. This 
possiblity was later excluded. Tr,yptic digestion of serum 
albumin did not give rise to minialbwnin in our experiments, 
and the polypeptide fragments derived by Press and Porte/ 
1 97) 
are quite unlike minialbumin in amino acid composition, immuno-
logical and electrophoretic behaviour. 
During the course of prolonged cadmiwn poisoning -
over 1 - 2 years - monkeys gradually lost about 20% of 
their original weight which probably was mainly due to advent 
of listlessness and loss of appetite. The urinary excretion 
of urea actually rose, an observation which would need much 
more study before it could be understood. Increased dietary 
protein or gluconeogenesis were hardly likely causes, and 
invokation of some inhibition of bacterial urease( 198) far-
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fetched. The finding seemed to esclude significant diminu-
tion of urea clearance in our chronically poisoned monkeys. 
Observations on the serum proteins of animals intoxicated 
by cadmium have provided variable data. Kekwick in 1955( B) 
noted divergence from nonnal electrophoretic distribution in 
the serum proteins of patients suffering from cadmium poison-
ing, although no characteristic deviation appeared consistent-
ly. Axelsson and Piscator(199) found, in cadmium-poisoned 
rabbits, that there was an initial reduction in albumin content 
and an increase in« and 13 globulins, followed by an increase 
in the Y globulins and a striking fall in «2 globulin concen-
tration. This latter was attributed to removal of haptoglobins 
as part of' a haemolytic process and suggested that in the poisoned 
rabbit there might be a connection between deposition of haemo-
siderin in the tubules and kidney damage. No such lesion was 
observed in monkeys, and no definite trend was observed in serum 
protein patterns of the monkeys in the present study. 
Bonnell, Ross and King (1960)(
16) found that residual 
cadmiun circulating in the blood was attached to the red blood 
corpuscles, rather than present in the plasma. However, albu-
min isolated from the sera. of chronically poisoned monkeys was 
found to contain approximately 1 µg. of cadmium per 5 mg. of 
protein. This relationship meant that only 1~ of the albumin 
molecules have a cadmiun atom attached, and suggested that albumin 
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was not the carrier for cadmium, but rather adsorbed an 
overflow. The other seIUm proteins have not as yet been 
investigated for a role in transport of cadmium. It is 
our intention to prosecute a systematic search for a pro-
tein with the role of cadmium transport analogous to the 
transferrins. As cadmium has the greatest affinity for 
free sulphydryl groups, a protein rich in such groups, e.g. 
metallothionein described by Kagi and Vallee<
18, 19) might 
function as a carrier. Cadmium would, however, probably 
attach to various other groups such as carbozyl as well. 
It was unlikely that the cadmium that was excreted 
was transported solely on the urinary minialbumin as there 
was no stoichiometric relationship between the quantity of 
minialbumin in the urine and the amount of cadmium excreted. 
This was clear from a comparison of the fall in the amount 
of metal and protein excreted following a pulse dose of cad-
mium. The decrease in the output of minialbumin is linear 
while that of cadmium had a hyperbolic curve. On the other 
hand, cadmium, which by creatinine clearance tests was known 
to be eliminated by glomerular filtration( 9), must be protein-
bound as at the operative pH (about 7.4) it would be basic, 
nan-ionised and insoluble. C'..enerally, about one third of 
the weekly dose of cadmium was excreted and the remainder 
deposited in the tissues. 
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Investigation of the albumins found in cadmiu1n-poisoned 
animals involved their initial isolation and purification. 
Four different methods of preparation gave similar albumins, 
judged to be pure by electrophoretic and i.rmu.U1ological cri-
teria. The methods with organic solvents were most efficient 
and therefore adopted. The hydrochloric acid-ethanol method 
was considered most suitable for serum studies because it 
eliminated the use of Visking cellophane tubing; while the 
trichloroacetic acid-ethanol method was dee1ned best for dia-
lysa tes and specimens of urine where large volumes were pro-
cessed. 
Impurities in the Visking tubing became a major problem 
as far as characterization of minialbumin was concerned, because 
of the simila.ri ty in molecular size. This could be circumvented 
by use of certain precautions or an alternative method of albu-
min preparation. The substance from the membrane was thought 
to be a peptide as it fanned complexes with the copper of 
biuret reagent( 200); exhibited ultra-violet absorption in the 
tyrosine - tryptophan range; and fluoresced blue white at 
210 mµ.. Immunologically it had no activity. The cellulose 
nitrate - which comprised the major portion of the tubing 
material - was apparently contaminated with peptides, fatty 
acids and other substances which were included during its 
manuf'acture, but which could be extracted from the finished 
product by various solvents. This idea was supported by the 
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fa.ct that removal of the contaminant irreversibly enlarged 
the pore size of the tubing. Unextracted but boiled mem-
branes were normally impenneable to lysozyme (Mol. v:t. 29,000) 
but after treatment with organic solvents, cellophane sacs 
were freely penneable to the enzyme. 
Separation of the albumins of differing molecule..r size 
was equally important. Dextran gel (Sephadex G75) proved 
to be a satisfactory molecular sieve and was also used as 
an index of molecular size. The values could not be taken 
as being accurate because elution volumes also depend on the 
overall shape of the molecule. The nonna.l size albunin was 
well separated from the smaller molecules which ranged from 
5,000 to 20,000 in molecular weight, depending on the salt 
concentration in the medium. 
The possibility that mini.albumin was an artefact of the 
experiniental procedures was eliminated since cadmium did not 
give rise to the protein by direct action on the blood, serum 
or albumin. The anticoagulant was not responsible for mini-
albumin production, nor was there any evidence for its fonna-
tion by proteolysis of nonnal albumin during preparation. 
Successive recycling of both normal and minialbundn on Sepha-
dex showed that the minialbumin was not formed in the column 
as a result of disruption of the nonnal albumin. This all 
pointed to an active 'in vivo' process for mini.albumin synthe-
sis. 
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As mentioned earlier, the origin of the minialbumin 
cannot yet be categorically located, but evidence points 
to the liver rather than the kidney as the most likely 
source. The presence of increased quantities of mini-
albumin in the peritoneal dialysates of a nephrectomized 
poisoned monkey, following a pulse dose of cadmium (Gain 
and Kench, 1965(G5)); the appearance of minialbumin in 
the circulation before its detection in the urine; and 
the accumulation of a high concentration of cadmium in 
the liver pointed to this organ as being the one where 
cadmium was exerting its biochemical effect. The peak 
of minialbumin in the serum occurred after 1! to 2 hr. 
This time interval suggested an 'in vivo' process, it 
being of the same order of magnitude as that required 
for labelled amino acids, administered to rabbits, to 
appear in serum proteins in the circulating blood (Hen-
riques, Henriques and Neuberger, 1955( 201 )). The meta-
bolic turnover of minialbumin has been observed by Kench 
et a1< 21 ) to be rather more rapid than that of normal 
albumin; and this would also suggest an active process 
in the liver rather than origin by non-specific injury 
to the renal tubular epithelium cells. The clearance 
of minialbumin from the circulating serum was much more 
rapid in chronically poisoned animals than in newly poisoned 
ones, which suggested that renal involvement was of a 
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secondary nature and that impainnent of tubular reabsozption 
only occurred after a certain amowit of cadmium had been de-
posited in the kidney. 
The excretion of minialbumin was, therefore, apparently 
associated with impaired function of the renal tubular cells 
as a secondary phenomenon. Hardwicke( 202) has shown that 
following infusions of albumin, tubular reabsorption of the 
serum proteins was non-selective this could also apply 
to the situation in cadmium poisoning. Glomeruli were 
relatively undamaged as Rowe( 59) has shown that even during 
heavy proteinuria, the nephrotic kidney retained most of its 
selectivity in molecular filtration. If this were so, cir-
culating minialbumin was probably filtered through the 
glomerulus, and then reabsorbed or excreted depending on the 
activity of the tubular cells, which in turn, was impaired 
according to the degree of intoxication of the animal. In-
fusions of haemoglobin caused a rise in the excretion of 
minialbumin (Gain and Kench, 1965( 65)) and this may have been 
due to overload of the reabsorptive mechanisms in the renal 
tubular cells. In the early stages of proteinuria, there 
was a relatively high proportion of minialbumin present. 
Once proteinuria became gross, normal size albumin and larger 
aggregates were predominant. In monkeys and rabbits the 
excretion in the urine of nonnal size albumin and of mini-
albumin proceeded simultaneously, whereas cadmium-poisoned 
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workmen initially excreted only the low molecular weight 
albumins. With time the men did excrete albumin of nor-
ma1 molecular weight, and this was attributed to renal 
damage. A relatively high proportion of the nonnal size 
albumin excreted by monkeys has been shown in the present 
work, by tcyptophan and disaggregation studies, to be an 
aggregated fonn of the minialbumin, and it now appears 
likely that some,at least, of what appeared to be nonnal 
serum albumin in the urine of poisoned men and rabbits 
was, in fact, aggregated minialbumin. Aggregation could 
occur in the glomerular filtrate, in the urine, or during 
the preparative procedures. 
Experiments with acutely poisoned rats, carried out 
in an attempt to clarify the action of cadmium on albumin 
metabolism, did not fulfil their expectation. Although 
several points, such as amino acid anomalies, antigenic 
behaviour, and peak production of minialbumin, emerged 
as similar for both rats and monkeys, it was not possible 
to evaluate what was occurring, especially in the kidneys 
of the rats. It was possible that species differences 
were responsible, and it will be necessary to poison rats 
chronically and deIOOnstrate the presence of minialbumin 
in their urine before any conclusions can be drawn. Male 
rats at puberty are known to have a natural proteinuria (
2o3), 
and for this reason the rat is not a good experimental subject 
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for the study of the biochemical effects of cadmium. 
Characterization of the low ru:>lecular weight fraction 
by various methods proved that it comprised a mixture of 
polypeptide chains, the sum of which behaved in a manner 
very similar to that of nonnal albwnin. The most notable 
characteristic of this protean m:,lecule minialbumin 
was its ability to aggregate and disaggregate. An equili-
brium between the small and large molecules apparently exists, 
and it has so far been impossible to prepare one form totally 
free from the other. The equilibrium appeared to lie in the 
direction of the aggregated product. This association of the 
small molecules has been attributed to non-covalent bonding, 
disulphide linkages, and bridging by the divalent cadmium 
ions, and was first noticed as a result of varying the salt 
concentration during the isolation of the minialbumin. Under 
physiological condition of pH and salt concentration the mini-
albumin readily aggregated to fonn molecules of normal size 
or larger. Concentrations of 0.2M and upwards, largely pre-
vented the minialbumin from reaching a size larger than 10,000 
to 20,000 in molecular weight. Urea was equally, if not more, 
effective in preventing the aggregation and for this reason it 
was incorporated into the media during later preparative and 
electrophoretic studies. That sulphydryl groups play a role 
seemed likely and as there was only one free sulphydryl group 
in normal albumin, we surmised that cadmium perhaps attacked 
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the collateral disulphide bridges causing disruption of the 
molecule and leaving such groups free to refonn in the same 
or a different manner. Experiments with EI1.rA indicated 
that cadmium wa.s operative in linking molecules together. 
This hypothesis will have to be tested further by adding, 
to the disaggregated minialbumin, isolated in high salt con-
concentration on dextran gel, stoichiometric amounts of ca.d-
miwn and seeing whether or not large molecules result. Ag-
gregation of minialbumin could also depend on the concentra-
tion of the protein - increasing concentration of minialbumin 
leading to increased proportion of aggregates due to a higher 
incidence of likely orientations between molecules. This 
could occur readily until the molecule reached a certain 
size for example the 20,000 to 30,000 molecular weight 
fraction excreted by men and monkeys - and thereafter pro-
ceed more slowly. Measurement of the sedimentation coeffi-
cients of the various albumins established the size ranee of 
the albumin molecules and substantiated the evidence that 
molecular size was, to a certain extent, a function of the 
salt concentration. It was evident that minialbumin would 
reach an equilibrium with its aggregates within the micro 
cell of the ultracentrifuge during the course of a run. 
The range from 5,000 molecular weight the smallest unit -
to 170,000 molecular weight - the largest detected molecule 
was wide and this seemed. to indicate that there was no limit-
ing mechanism to prevent its further aggregation once the 
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molecule had reached the size of its nonna.l counterpart. 
Other examples of the influence of ionic concentration 
on molecular aggregation are well lmown. Ku and Romani 
(1966)( 204) showed that the dissociation of pear ribosomes 
into smaller subunits was augmented by lowering the magne-
sium ion concentration, whilst Bresnick, Thompson and Lyman 
(1966)( 205) found that in dilute solution the enzyme, deo:xy-
thymidine kinase, occurred in an aggregated fonn, but in the 
presence of salt (0.2M KCl and sucrose 0.1:;M) it could be 
isolated in the disaggregated fonn which is approximately 
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six times smaller. Glycine, in high concentrations prevented 
aggregation of Y globulins by protein-protein interactions<126). 
That dimerization of normal albumin could occur - at pH 
values between 2. 5 and 4. 0 - has been known for some time ( 101). 
Furthermore, treatment of album.in with organic solvents and 
oxidising agents produced disulphide-liked dimers( 206, 207, 208), 
which could be converted to the monomer by use of~ mercapto-
ethanol. On the other hand, Gutter, Peterson and Sober (1957)( 209) 
reported that high concentrations of urea pennitted slow, and 
initially reversible, polymerization of normal albumin molecules. 
Evidence obtained by Hartley, Peterson and Sober (1962)( 210) 
pointed to at least two types of dimerization, only one of 
which required free sulphydryl groups. The very large mole-
cules that we have obtained from cadmium-poisoned animals 
of molecular weight 140,000 to 170,000 by ultracentrifugation -
a.re possibly dimers and polymers of smaller wu.ts linked 
together by cadmium ions. Polymers of normal human and 
bovine albumins have been described( 207) but occur in les-
aer proportions than~ observed in the cadmium-poisoned 
animals. Whatever the mechanism, it seems apparent that 
there is a strong tendency for the albumins produced in 
cadmium-poisoning to aggregate. 
The minialbumin excreted by men did. not apprently 
exist in the aggregated fonn - an observation not entire-
ly reconciled by the above statements, but may be due to a 
species difference. However, human urinacy minialbumin 
did aggregate Wlder the appropriate conditions of low salt 
concentration. The molecular weights of the urinary pro-
teins from two cadmium workmen (Finch and 7108) when measured 
by Dr. Kekwick( 211 ) in the ultra.centrifuge in a phosphate-NaCl 
buffer, pH 8.10, and total ionic strength 0.35, were 20,000 
to 30,000 (sedimentation coefficients s20,w of a 1% solution 
of protein 1. 96 and 1. 99 respectively). Similar lyophilized 
preparations from the same source when re-examined in 1965 in 
a low-salt concentration passed through dextran gel (Sephadex 
G75) contained a preponderance of albwnin of nonnal molecular 
weight (Kench, Gain and Sutherland, 1965( 195)). This anoma-
lous finding, at first inexplicable, provided the clue to the 
importance of salt concentration and ionic strength in relation 
to the molecular size of the albumins we were studying, and 
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made us aware of the underlying aggregation-disaggregation 
equilibrium as the cause of a number of other unexpected 
or inconsistent experimental results. Thus, the observa-
tion that only labelled albumin of normal size was found 
in the serum of a nonnal receptor monkey af'ter injection of 
a large dose or14c-labelled minialbumin (Kench, Gain and 
Sutherland( 195)), could be explained by aggregation rather 
than by the suggestion that it was metabolized into nonnal 
albumin, and in fact, this experimental finding provided 
valuable evidence in support of the idea that 'in vivo' 
aggregation did occur. The molecules of minialbumin which 
remained small were rapidly excreted by the normal monkey, 
but a large single intravenous load of minialbumin was given 
in this experiment. It is hoped that further studies will 
throw light on the exact mechanism and the preferential order, 
if any, by which such aggregation occurs. 
The amino acid compositions of nonna.l albumin and of 
minialbumin were very similar. The only significant dif-
ferences were a deficiency of lysine and cysteine in the 
minialbumin, and an increased number of isoleucine residues 
in the albwnins of poisoned monkeys. Smith et a1< 1o) found 
the urinary albumin of cadmium-poisoned men to be richer in 
its content of glycine and serine than nonna.l serum albumin, 
but no significant differences have been observed with monkeys 
as regards these amino acids. As serum albumin consists of a 
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single long chain which contains only one or two tryptophan 
residues, depending on the species, and because proteolytic 
degradation(197, 212•21 3) produces fragments varying widely 
from the overall molecule in the amino acid composition there 
can be no repeating unit in serum albumin. The close simi-
larity of amino acid composition suggested that the only 
feasible relationship between minialbumin and normal serum 
albumin was that the former was a representative mixture of 
peptides fonned by breakdown of the latter, with the proviso 
that observed differences of amino acid composition would be 
accountable in terms of a lost or deleted peptide. Cadmium 
in high concentrations apparently interfered with accurate 
amino acid determinations, but, in practice, the quantity 
attached to the proteins being analysed was small enought 
not to impair the accuracy of the method. 
Specific analysis for tryptophan revealed two residues 
per mole in nonnal monkey albumin; and its complete absence 
in the minia.lbumin of both serum and urine. Intennediate 
values obtained for the albwnin of the conventional size in 
the serum and urine of poisoned monkeys substantiated the 
thought that part of the so-called nonna.l albumin was actually 
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aggregated material. Working on this basis, there was evident-
ly a lower proportion of aggregates in the urine. The serum 
albumin of large molecular weight (66,000 to 130,000) of 
poisoned animals appeared to be a mixture of approximately 
equal numbers of normal molecules and of molecules formed 
by aggregation of minialbumin. Its coWlte:rpart in the urine 
contained fewer molecules (! 1-'}b) which were aggregates. 
This difference in behaviour seemed inexplicable except in 
terms of the presence of urea in the urine and its above-
mentioned ability to cause dissociation. Somehow, the 
tryptophan moiety had been iITetrievably lost, possibly as 
a peptide containing also the missing lysine and cysteine, 
either metabolically Wlder the influence of cadmium ions, 
or technically during minialbumin preparation. Such a pep-
tide was most likely to be missing from the central portion 
of the albumin chain as Peters and Hawn (1967)(
214) have 
isolated and examined N and C terminal peptides and foWld 
them both devoid of tryptophan, and the N tenninal also con-
tained no cysteine. 
An attempt to find such a peptide led to the conclusion 
that it was apparently not lost during the preparative pro-
cedures. If the missing amino acids were eliminated meta-
bolically as individuals or as di or tri-peptides they could 
disappear into the general metabolic pool. The possibility 
remained that the peptide as such was rapidly metabolised but 
with a fair chance that it would be excreted very early in an 
episode of acute poisoning. It is planned to search for such 
a tryptophan-rich peptide in daily collections of urine of 
monkeys from the commencement of the poisoning regime. 
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Immunological studies have served to characterise mini-
albumin further and to support the idea that it is indeed a 
true albumin. It gave a reaction of complete identity with 
normal albumin on Ouchterlony( 134) plates when polyvalent 
and specific anti-albumin antisera were used. Conversely, 
nonnal albumin and minialbumin exhibited activity and com-
plete identity against antiserum specific to minialbumin. 
On immunoelectrophoresis, patterns for nonnal albumin and 
minialbumin were identical save that the minialbumin tended 
to move at a slightly faster rate. This could be a reflec-
tion of its size rather than of nett electric charge, although 
in the low salt media employed for i.mnlmological studies we 
expected that nearly all the minialbu.'Din would be in the 
aggregated fonn. The albumins examined in these studies 
were evidently uncontaminated, since on challenge with poly-
valent antiserum only a single precipitin arc developed. 
.Antigenica.lly, there was, therefore, apparently no difference 
between nonnal albumin and minialbumin. Nevertheless, it 
should be noted that within stated time periods for immuniza-
tion of rabbits, titres obtained for antinonnal albumin were 
greater than for antiminialbumin. This could mean that mini-
albumin was a weaker antigen, or alternatively that some of 
the minialbumin may have been excreted in the urine soon after 
administration owing to its smaller size. Obviously, the 
locale of tryptophan was not involved in the antigenic behaviour 
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of the molecule as there were no significant differences 
detectable between nonnal albumin containing two residues 
and the mini.albumin with none. The antigenic sites on 
the various peptides comprising minialbumin were apparently 
unharmed by cadmium, and their disposition in the nonna.1 or 
aggregated molecule was not of primary importance. Once a 
suitable method can be devised for separating the peptides 
of minialbumin, the antisera may be selectively absorbed by 
these and in this way we hope to locate the actual antigenic 
site within a circumscribed region of the molecule. 
The various forms of electrophoresis did not separate 
the twelve or so peptides which together were thought to 
comprise mini.albumin. At this stage it was not certain 
whether this could be attributed wholly to poor technique 
or whether it was due to several of the fragments having 
similar electrophoretic mobilities at the pH values employed. 
Normal albumin did not appear as a single homogenous band in 
starch or polyacrylamide gels, and the additional bands have 
been said to be polymers(
191• 21 5). In addition to these 
bands displayed by normal albumin, one to three extra ones 
were visible on electrophoresis of the albumins of cadmium-
poisoned monkeys. The zones corresponding to nonnal albumin 
were believed to be due to its presence, while it was sunni.sed 
that the others were aggregates of mini.albumin. Ideally, the 
electrophoresed gel should be inserted into an agar block 
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containing anti-albumin antiserum for inmunodiffusion to 
(216) take place • Precipitation at the position of each 
zone would have provided a specific test for ensuring that 
all were in fact due to albumin. On the other hand, the 
individual fragments could be incon:q,lete antigens and give 
anomalous results. One of these electrophoretic zones 
corresponded to that of one fonned on tryptic digestion of 
albumin, of whatever type. .Amino acid analysis of the 
various entities must needs be perfonned before any conclu-
sions as to their identity can be drawn. Other than this, 
there was no evidence that the fragments con:q,rising mini-
albumin were in any way similar to the polypeptides which 
f t lyt . ~ a.at· f alb . (197,212) arose ram pro eo ic u.egra ion o serum unun • 
Tryptic digestion of albumins from nonnal and from 
poisoned monkeys gave rise to a number of peptides. The 
peptide patterns from both serum and urinary albumins of 
cadmium-poisoned monkeys were very similar to that from nor-
mal serum albumin; a finding unlike that of Merler, Remington, 
Finland and Gitlin ( 1962) ( 62) who reported that the peptides 
derived from normal urinary albumin were not similar to those 
from se.I\llll albumin. One noteworthy difference between the 
tryptic digests of normal albumin and that of cadmium-poisoned 
monkeys, however, was observed, namely the absence (or presence 
in quantities too small to detect) of one peptide from the mini-
albtnnin. Analysis of the peptides for tryptophan led to 
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inconclusive results as it was not detected in any of the 
spots. This could be because the quantities of peptides 
examined were too small., or the tryptophan was destroyed 
duri.ri..g the course of elution of the peptides. Should the 
missir...g spot, by some chance, be the peptide presumably 
deleted by the action of cadmium ions on albumin, it would 
have to be analysed for lysine and cysteine as well, and 
experiments are continuing along these lines. Trypsin is 
known to catalyse the hydrolysis of peptide bonds involving 
the carbo::xyl groups of the basic amino acids( 21 7). The 
short-fe.11 in lysine in the minialbumin of poisoned animals 
might be due to the fact that the albumin molecule has al-
ready been broken at one or more of the positions ~rhere tryp-
sin would nonnally act and one of the portions set free by 
cadmium was similar in electrophoretic mobility to one 
liberated by trypsin. It seemed reasonable to expect a 
number of differences in the detailed composition of peptide 
patterns which should provide valuable inf'onnation on mini-
albumin structure. 
The question as to the exact mechanism of cadmium ions, 
which led to the production of low molecular weight albumins, 
still ranains unanswered in the light of the aforementioned 
experiments. The findings nevertheless suggest some possi-
bilities for its action, and open up new lines for experimen-
tal investigation. 
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The observation that minialbumin had the overall amino 
acid composition and antigenic behaviour of normal serum 
albumin suggested that it originated by disintegration of 
the molecular chain into a number of polypeptide fra@Ilents. 
This view rested mainly on the detailed experimental obser-
vations we have ma.de on poisoned monkeys, but appeared to 
be equally valid for the rat similar amino acid compo-
~ition and antigenic behaviour and complete lack of trypto-
phan in the small albumin molecules. The liver was regarded 
as an organ where the action could occur as it has been shown 
to be the major site for albumin synthesis( 218121 9, 220), while 
the kidney, though capable of some protein synthesis, apparent-
ly does not actively synthesize albumin( 104). This did not 
exclude the possibility that the kidney, under the influence 
of cadmium ions, could also produce minialbumin from circulating 
normal sen.un albumin, but the nephrectomised monkey retained its 
capacity to form minialbumin in response to cadmium injections 
(Gain and Kench, 1965( 65)). Cadmium could, theoretically, 
act at any of three sites where albumin may occur intra.cellu-
larly( 221 ). It could act on albumin, newly fonned and released 
from the microsomes, before it was secreted by the cell into the 
circulatory system. Peters (1962)( 221 ), using radioactive 
carbon has shov.n that although the actual synthesis of the 
protein is very rapid, there is a delay of 20 min. before the 
protein is released from the microsomes. This time interval 
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may be the point at which cadmium exerts its influence. 
Albumin, sessile within the cells was a possible target. 
In addition, albumin newly returned to the liver, from the 
circulatory system, to undergo catabolism might also be 
vulnerable. It is presently envisaged that minialbumin 
is fonned by the 'in vivo' action of some enzyme acti-
vated by cadmitnn - which does not behave like trypsin, 
ch;ymotrypsin or pepsin. Alternatively, cadmium could 
inhibit the action of an enzyme active in catabolism of 
albumin or naturally occurring fragments of it, to smaller 
peptides or free amino acids. The effect on such enzymes 
would result in a mixture such as the minialbumin described. 
The protective action of sulphur con:q:>ounds, such as 
cystine or dithiopropanol against intoxication by cadmium( 222), 
i~lies a participation of sulphydryl and disulphide groups 
in the action of cadmium. The metal could chelate with the 
sulphur in such groups and this coul~ influence neighbouring 
bonds and cause disruption of the molecule, with the possible 
loss of cysteine, lysine and tryptophan in one or more small 
peptides. 
A structural model for albumin consisting of globular 
parts linked by sections of flexible peptide chain has been 
proposed by Bloomfield (1966)( 223). Electrostatic repulsion 
bet·ween the globular segments keeps them apart, and it is 
thought that hydrolytic enzymes preferentially attack the 
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linking amino acid chains( 212). If this model is truly 
representative, cadmium might facilitate an initial attack 
on the exposed peptide chain, followed by breakdown of the 
separated globular moieties as occurs with the hydrolytic 
enzymes. 
If cadmium interfered with synthesis of alblmlin, it 
could do so at some point along messenger RNA. Since 
growth of' the albumin molecule proceeds from the amino to 
the carboxy tenninal end only, a block could produce a mini-
albumin electrophoretically homogeneous and with only one 
type of carbo:xy and amino tenninal amino acid. Experiments 
to determine these end amino acids are to be carried out to 
clarify this issue. For the minialbumin, so formed, to have 
an amino acid composition closely similar to that of the com-
plete albumin molecule would require that the latter should 
be homogeneous throughout its length, although not necessari-
ly the same primary arrangement of amino acids. In as much 
as complete albumin includes only one or two tryptophan resi-
dues, this in conjunction with the data of Foster et al( 101 ) 
do not favour t:b.is explanation for the origin of minialbumin. 
Moreover, localization of the antigenic activity in a relatively 
small portion of' the molecule is not in keeping with generally 
accepted concepts of immunological behaviour. The balance of 
evidence points towards some form of catabolic hold-up as the 
mechanism for minialbumin fonna.tion. 
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A number of other possible loci for cadmium action 
deserve mention although none of them appears to meet the 
situation as adequately as the "impeded catabolism" hypo-
thesis. A random disruption by the metal of the RNA-coded 
synthesis of albumin seems to be excluded by the homogeneity 
in molecular size of minialbumin. The idea that the albumin 
molecule is formed by the assembly of a number of polypeptides, 
separately synthesized in close proximity within a polysome 
structure has had the support of a number of investigators. 
If this is true, cadmium might cause disruption of the poly-
somes and thus prevent the constituent peptides from joining 
together. This model is in keeping with the structure and 
behaviour of minial bumin. 
The mixture of polypeptides, which minialbumin appears 
to be, is able to reassemble 'in vivo' without the need for 
a messenger code. Whether this occurs at random, or in a 
specific order is so far undecided. Re-orientation of cer-
tain parts of the molecule could result in the e.:xposure of 
different active groups and a process such as this could 
account for microheterogeneity in serum albumin1 based on a 
single INA code. Microheterogeneity has been described by 
Foster and his colleagues< 224,225,226). 
The overall experimental evidence appears to support 
the concept that the primary biochemical lesion of cadmium 
is on the catabolic pathway of serum albumin, rather than 
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an inhibition of synthesis. The action of cadmium may be 
within or in conjunction with the lysosomes, lmown to con-
tain hydrolytic enzymes involved in protein breakdown. 
Isolation of this organelle and work with it involving 
radioactive tracers may resolve the problem. 
The possibility that other proteins such as the Y 
globulins are likewise affected III.1st also be considered. 
Pernis (1966)( 227) has suggested that cadmium could inter-
fere with Y globulin synthesis by inhibiting the linking 
of the heavy and light chains through disulphide bridges. 
This aspect of cadmium poisoning is complicated by the fact 
that globulins of smaller molecular weight than those found 
in the serum occur nonnally in the urine and in those suf-
fering from renal disease( 57, 59). It would, therefore, be 
necessary to distinguish between these and any small molecules 
arising as a result of cadmium intoxication. Berggard (1961)( 228) 
has demonstrated the presence in serum of a Y globulin of low 
molecular weight similar to that previously identified in nor-
mal urine; while the ultracentrifugal studies of Porath and 
Ui (1964)( 126) have characterized Y globulin sub-fractions in 
normal human seru.11, two of which had a sediir.ente.tion co-efficient 
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of less than 7S (nonnally the major component). Pisce.tor (1966)( 199), 
studying cadmium-poisoned rabbits, has detected in the serum, 
several low-molecular weight proteins, the counterparts of those 
occurring in the urine, and suggested that they had been overlooked 
in earlier studies because of their low concentrations. 
Lawford (1961)(31) has detected the appearance, after 24 
hr., of abnonnal protein in the serum of cadmium-poisoned 
rats. The protein could also be induced by a number of 
other heavy metals such as mercury (more effectivi:: than 
cadmium), zinc, copper, beryllium and manganese. The 
marked increase in viscosity of the blood of cadmium-poisoned 
rabbits, often observed, should be mentioned in this context 
(Kench, Wells and Smith, 1962< 21 )). 
The ability of the minialbumin to bind metal ions and 
other sme.11 molecules, as does normal albumin, is also to 
be investigated. Evidence of a thyroxine binding pre-albumin, 
very rich in tryptophan, but ·with only one binding site., has 
emerged( 229) and it would be of interest to detennine whether 
or not minialbumin also had the property of transporting thy-
roxine. 
Future investigations will be directed towards an eluci-
dation of the relationship between cadmium ions and the inter-
media.:cy metabolism of albumin, especially as regards it size, 
structure and antigenic behaviour. It is our eaznest hope 
that this enquiry will also contribute to knowledge and tmder-
standing of the rnarzy factors which nonnally control and modify 
the metabolism of protein in living systems, in which cadmium 
itself may play an important role. 
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PART IV 
SUMMARY AND CONCLUSIONS 
1. Monkeys chronically poisoned by intravenous injection 
of cadrrJ.um chloride produced a low molecular weight albumin, 
termed minia.lbumin, which at f'irst was f'ound in the blood 
but was later excreted in the urine when a proteinuric state 
developed. 
2. General biochemical investigations indicated that meta-
bolism was not greatly impaired by cadmium ions, except per-
haps in the liver and pancreas. 
3. The excretion of cadmium was dependent on the degree of 
poisoning and was not directly correlated with the excretion 
of' minialbumin, though both decreased with time following cad-
mium administration. 
4. Some of' the circulating cadmium was attached to albumin, 
but it seemed unlikely that this was the carrier molecule. 
5. The cadmium absorbed by the body was found mainly in the 
liver and kidneys, but was also distributed in lower concen-
trations amongst the remaining body tissues. 
6. Visking cellophane dialysis tubing was found to contain 
an easily extractable, biuret positive, and ultraviolet ab-
sorptive contaminating material, with a molecular weight ranging 
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?.idely round 5,000. Removal of t:bis substance irreversibly 
enlarged the pore size. 
7. The low molecular weight albumins (5,000 - 20,000 mole-
cular weight) produced by cadmium poisoning were separated 
from normal albumin (66,000 molecular weight) on dextran gel 
(Sephadex G75) columns. 
8. The minialbumin did not arise by breakdovm on the gel 
columns, by proteolytic degradation, or as a result of a 
direct effect of cadmium or anticoagulant on whole blood, 
serum or serum albumin. 
9. Minialbumin was found in the circulation before the 
animals exhibit arzy proteinuria, and was therefore thought 
to arise in extra-renal tissues. 
1 o. The peak in minialbumin production occurred one and a 
half to two hours following a dose of cadmium. The fall-
off in circulating minialbumin was gradual in newly poisoned 
animals, but vecy IID.lch more rapid in chronically poisoned 
animals, where it was probably cleared by the kidneys. 
11. Excretion of minialbumin began three to five weeks fol-
lowing its initial appearance in the serum. In early 
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proteinuria, ma.inly low molecular weight albumin was excreted, 
whereas in the later stages large quantities of normal albumin 
also appeared in the urine. 
12. Acute poisoning in rats gave rise to a pre-albumin on 
electrophoresis of the serum. Minialbumin appeared in the 
serum, and in increased amounts in the liver and kidney about 
ninety minutes after injection of cadmium dose. 
13. The minialbumins, irrespective of their source, had the 
same electrophoretic mobility as normal albumin on cellulose 
acetate. 
14. Minialbumin has been shown to aggregate readily to mole-
cules of nonnal size, and larger, in the absence of salt. 
This phenomenon was partially reversible in the presence of 
salt, urea, EIJ.rA and disulphide bridge inhibitors (mercapto 
ethanol), which implied that more than one mechanism was ope-
rative in joining the small molecules together. An equilibrium 
existed between aggregated and disaggregated molecules. 
1 5. The amino acid composition of minialbumin was very similar 
to that of nonnal albumin. There was, however, a deficit of 
lysine and cystine, and an increased proportion of isoleucine 
in the minialbumin. Cadmium in high concentrations has been 
-175-
shown to influence the ninhydrin reaction, but in the concen-
trations found attached to albumin, amino acid analysis was 
unaffected. 
16. Tryptophan analysis revealed that whereas there were 2 
residues of this amino acid in the nonnal albumin molecule, 
it was completely absent fran minialbumin. Nonna.l size 
albumins consisting partially of aggregates had intermediate 
values. The proportion of aggregates in the urine was lower 
than in the serum. The tryptophan-containing moiety was 
irreversibly lost, possibly as a peptide with the other mis-
sing amino acids. 
17. The peptide thought to contain the deficient amino acids 
was apparently deleted metabolically and not during prepara-
tive procedures. 
18. Immunologically, nonnal and minialbumins reacted similarly 
against anti-whole normal serum, antinonnal albumin and anti-
minialbumin antisera, showing that minialbumins are complete 
antigens. The tryptophan site was obviously not involved 
in the antigenic behaviour of albumin. 
19. Sedimentation coefficients of minialbumin indicated it 
to be in the molecular weight range 5,000 to 20,000, whilst 
aggregates of up to 170,000 in molecular weight could occur. 
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20. Electrophoresis in polyacryla.mide and starch gels in the 
presence of urea revealed two to three extra bands, probably 
due to association of subunits. 
21. On tryptic digestion and mapping of the resulting peptides, 
there was apparently one lacking from minialbumin. So far, 
arzy- possible relationship to the missing :bryptophan, lysine 
and cysteine, has not been elucidated. 
22. Cadmium ions appear to bring about fragmentation of the 
albumin molecule either during synthesis or more likely during 
catabolism by some intracellular enzymic process. The result-
ing peptides have the ability to reassemble, with the loss of 
a sma.11 portion or portions, either in the original or in a 
different sequence, to fonn a molecule similar to normal albu-
min in both amino acid composition and antigenic behaviour. 
In the light of these findings, cadmium may play an important 
role in the control of albumin metabolism. 
23. Work is continuing in an attempt to clarify the proposed 
relationship between cadmium and albumin metabolism, and special 
attention is being paid to the action of cadmium at the cellular 
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The early observations of Friberg (1950)' stimulated much 
of the subsequent interest in cadmium poisoning. He noted 
a high incidence of proteinuria in workers in the alkaline 
battery industry under his care. Pedersen (findings pub-
lished in Friberg's monograph, page 37) examined the 
protein and found it to have a molecular weight of 
25 - 30,000. The protein has been found consistently since 
then in the urine of men and animals poisoned by cad-
mium, by inhalation or parenteral route. 
Smith, Kench and Lane' carried out a series of investiga-
tions in Manchester on the incidence and degree of 
proteinuria in industrial workers exposed to cadmium, 
which have confirmed and extended the observations of 
Friberg. They determined the incidence and degree of 
proteinuria in relation to cadmium exposure and excretion. 
Urinary cadmium and excreted protein appeared to vary 
independently of one another in the series of 95 workmen 
exposed to the hazard, but the individual who worked in 
the most heavily contaminated atmosphere consistently 
excreted most cadmium and protein in his urine. The 
quantity of urinary protein was l ·O - 3·2 G /1.'- which is 
much in excess of the average value of 133 mg./24 hr . 
found by Webb and his co-workers' in young, normal, 
adult males. 
As regards the nature of the urinary protein, Friberg 
described it as having the electrophoretic mobility of 
a,-/3-globulins. The proteinuria could not unequivocally be 
demonstrated by the heat coagulation test, but complete 
precipitation was effected by addition of 10% w / v aqueous 
trichloracetic acid (TCA) (1 vol. TCA to 1 vol. urine).' ·' 
Olhagen (p. 36 of Friberg's monograph) observed that the 
urinary protein was precipitated when the urine was fully 
saturated with ammonium sulphate, but not on 50% 
saturation. The sequence of events, as observed by the 
Manchester workers, was the initial appearance of a,-
globulins, soon followed by a /3-globulin fraction. Later, 
protein fractions appeared, migrating as serum albumin 
and y-globulins, until eventually the urinary protein pat-
tern was similar to that of serum. Kekwick" observed that, 
even when the pattern was complex in this way, the urinary 
proteins all sedimented in the ultracentrifuge in the range 
20- 30,000. 
These observations may be compared with those made 
on normal urine or on the urinary proteins of patients 
suffering from renal or other diseases. The small quantity 
of protein present in normal urine includes y-globulins of 
low molecular weight, 10,600,' while the a,, {3- and other 
globulins excreted normally' or in conditions of renal 
tubular necrosis' have molecular weights similar to those 
found in cadmium poisoning. Creeth and his colleagues 
are, therefore, convinced that the proteinuria of cadmium 
poisoning comprises a mixture of globulins which is 
• Much of this work was presented at the Annual Conference of the South 
African Society of Pathologists held in Cape Town, April 1965; most of it 
is embodied in a thesis submitted by A . C. Gain for the Ph .D . degree . 
University of Cape Town, December 1965. Full experimental details arc 
Jvailable in the thesis and will be oresented elsewhere. 
typical of any non-specific renal tubular defect or necro-
sis, as obtains in the Fanconi syndrome, in hepatolenticular 
degeneration or in galactosaemia. The proteinuria of cad-
mium poisoning is, in their view, neither specific nor 
unique, and it also appears that they regard the first 
urinary peak as probably an a,-globulin. As regards the 
albumin found in normal urine, Webb et al.' were unable 
to distinguish between it and normal serum although, more 
recently, Merler et al.• have reported that normal human 
urinary albumin has, in fact, a smaller molecular weight, 
S, .. , w of 2·6 S as compared with 4·2 S for crystalline serum 
albumin. The mobility of serum albumin and of other 
serum proteins is also somewhat augmented in urine,° an 
effect ascribed to adsorbed urinary pigments. The albumin 
excreted in the urine of nephritic and of nephrotic patients, 
'·
10 as of a person poisoned with metallic mercury," is 
indistinguishable from normal serum albumin in molecular 
size. 
On the basis of the close similarity in amino acid struc-
ture and electrophoretic mobility of the urinary and serum 
albumins of workmen and of animals poisoned by cad-
mium, and of the low molecular weight of the urinary 
proteins, Kench and his colleagues'·" have postulated that 
the special feature of cadmium intoxication is the excretion 
of an albumin of low molecular weight. Cadmium-poisoned 
workpeople so far examined have excreted only low 
molecular albumin unless renal disease from other causes 
was coexistent. Cadmium-poisoned rabbits" excrete both 
albumins of low and of normal molecular weight in the 
urine. The metabolic turnover of the low molecular species 
appeared to be more rapid than that of normal albumin, 
and, on intravenous injection of the C"-labelled urinary 
proteins into normal rabbits, much more activity was 
recovered in the urine as protein than when C"-Iabelled 
serum proteins were similarly injected. The question of 
renal permeability to serum proteins of different molecular 
weights is very pertinent to this situation. Thus, Hard-
wicke" has demonstrated, both by immunological proce-
dures and by use of gel filtration through Sephadex G 200. 
that renal clearances of serum proteins increase steadily 
with diminishing molecular weight. 
The experimental evidence in support of the concept of 
a specific biochemical lesion , caused by cadmium ions, 
leading to the excretion of a low molecular albumin " was 
only tentative in kind, since techniques for separatini albu-
min molecules on the basis of difference in molecular size 
(cf. myoglobin and haemoglobin") were not available to 
us. The present paper is an account of biochemical studies 
designed to separate and characterize, with greater exacti-
tude than was previously possible, the urinary albumins of 
cadmium-poisoned animals, as a necessary prerequisite to 
a study of its tissue source and the mechanism of its 
formation . 
Apart from its molecular weight- in its behaviour 
variously in trichloracetic acid-acetone, on immunoelectro-
phoresis and Ouchterlony plates and in its amino acid 
ll91 
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composition (established earlier)--the low-molecular pro-
tein in the albumin fraction of the urine of cadmium 
workers was similar to normal human serum albumin. We, 
therefore, now refer to it as minialbumin. 
No minialbumin could be detected in the urine of 
patients suffering from non-specific renal tubular damage, 
as for example, in an advanced case of hepatolenticular 
degeneration, Fanconi syndrome, acute tubular necrosis 
or nephrotic syndrome. Rabbits, dogs and monkeys have 
been chronically poisoned by intravenous injection of 
cadmium chloride, and, after some months, these animals, 
too, excrete minialbumins closely similar in all the respects 
already mentioned with their own normal serum albumins 
and the normal molecular albumin also found in the 
urine. If it is assumed that all the minialbumin formed in 
the cadmium-poisoned monkey is excreted in the urine, 
then the number of such diminutive molecules would cor-
respond to approximately 26% of the number of normal 
serum albumin molecules being synthesized in the li ver. In 
cadmium workers the corresponding figure is approximate-
ly 53 %. 
The over-all data support the view that cadmium ions 
may provide a valuable tool in the study of the relation-
ships between chemical structure, antigenic behaviour, and 
metabolism of serum a lbumin and perhaps of other pro-
teins in man and animals. 
EXPERIMENTAL OBSERVATIONS AND RESULTS 
Experimental Animals and their Maintenance 
Male vervet monkeys (CercopitnecuJ· aethiops), which 
had been captured in the wild state, were the experimental 
subjects. Young full -grown individuals of steady weight 
(about 5 kg.) and, therefore, in nitrogen balance, were 
chosen. They were kept in stainless steel metabolic cages 
with floors of -!- inch wire mesh which allowed urine to 
pass through but held back most of the stools and food 
debris. The cages were placed over stainless steel trays 
which were covered with mosquito netting to filter the 
urine free from residual contaminants. 
The animals were fed daily between J J a.m . and 3 p.m. 
on carrots, cabbage, sweet potatoes, oranges and dried 
maize. They do not drink water and none was provided . 
Poisoning of the Animals 
The technique employed was sim ilar to that developed 
by Kench et al." for cadmium intoxication of rabbits. 
Blood was withdrawn from the saphenous vein in the 
lower hind leg using an all-glass IO ml. Luer-Lock syringe 
with off-centre attachment and It inch 21-gauge needles. 
The needle, previously heparinized, was left in the vein 
and the blood flow halted by closing the Luer-Lock stop-
cock. The blood was then displaced from the syringe into 
a beaker containing 0·5 ml. heparin, with which it was well 
mixed. Cadmium chloride (CdCl ,.2-!-H,O) solution, contain-
ing 2 mg. Cd++ per ml. and sodium chloride added to a 
final concentration of 0-55 % w / v Cl, was then stirred 
gently into the heparinized blood- a manoeuvre which 
allows the acidic cadmium chloride solution to be fully 
buffered by the blood without the occurrence of precipita-
tion . The mixture was then sucked up into the same 
syringe, which was reattached to the needle in the vein, 
and the injection given over a period of about 2 minutes. 
The needle was finally removed and stasis achieved by 
placing a piece of cottonwool plus Hibertane ointment 
over the wound , which was secured with Elastoplast. 
Injections were made twice weekly at an approximate 
dosage of 2 mg. cadmium per kilogram body-weight. 
During the first 2 - 3 months period of intoxication, 
15 - I 8 mg. of cadmium were injected weekly. When severe 
poisoning had occurred with gross proteinuria; dyspnoea 
and agitation of the animal, the dose was lowered to 6 - 8 
mg. of cadmium weekly. 
Quantitation of Proteins in Serum and Urine of Poisoned 
Animals 
The protein concentrations of specimens of serum and 
urine were measured daily during the intoxicating period 
by a modified biuret procedure," using a known pure 
bovine albumin preparation, standardized by the micro -
Kjeldahl procedure.'" Serum albumin-globulin fractiona-
tion was performed using 23 % w / v Na,SO, solution." 
Urinary proteins rose steadi ly in amount in the cad-
mium-poisoned monkey during the process of poisoning, 
until an average of nearly 200 mg. was being excreted 
daily. The concentrations of serum proteins- albumin 3·5 -
40 GI 100 ml. and globulins 2·0 - 3·0 G / 100 ml.- remained 
unaltered during high-dosage administration of cadmium 
chloride as during the state of chronic intoxication. 
Special Investigations of Urinary Proteins 
I. Separation of Albumin Fraction 
Urinary albumins have, in the course of this study been 
separated from globulins present in the urine by a number of 
procedures. 
(i) Zone electrophoresis on ethylated cellulose according to 
the method of Porath and Flodin," as adapted by Campbell 
and Stone.19 
(ii) Separation on columns of the cationic ion-exchange 
resin , carboxy methyl cellulose (CMC), using salt and pH 
gradients. '° 
(iii) The trichloracetic acid procedure described by Vallance-
Owen et al.21 based on the solubility of serum albumin in 
acid-a!cohol mix~ures. 
22 
This technique has been critically 
appraised by Michael who could detect no changes in 
physico-chemical or antigenic properties of albumin as a result 
of the fractionation procedures. This has also been our 
experience. 
All three procedures provided homogeneous albumin frac-
tions when electrophoresed in a Durrum-type tank, the pro-
tein migrating as a single compact band. However, the excellent 
recoveries and the relative simplicity and reproducibility of 
the trichloracetic acid method were important advantages for 
our particular work, and after preliminary trials with all 3 
procedures, it was thereafter employed for all subsequent 
experiments on serum, urine or peritoneal dialysate. 
In brief, the preparation was performed as follows : The 
urinary proteins were first precipitated en masse with a 10% 
w/ v aqueous solution of trichloracetic acid (TCA) which was 
added in a volume equal to that of the urine, which had 
already been concentrated 3 - 4 times by dialysis and per-
vaporation alternately. * The precipitated proteins were then 
centrifuged at 2,000 r.p.m. for 10 minutes at 0°C in a MSE 
major refrigerated centrifuge with a swing-out head and the 
supernatant solution discarded. The precipitate was then 
washed with 5% w /v aqueous TCA. To the washed precipitate, 
I% TCA in 96% aqueous ethanol was added and the albumin 
thereby extracted. After extraction and centrifugation, the 
*TI1e urinary specimens were first dialysed against running tap-water over· 
night. and . later. against cold distilled water . All dialysis tubing was 
boiled for at least 30 minutes in distilled water before use, to decrease the 
pore size , a necessary precaution to prevent escape of any low-molecular 
albu111iris . 
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supernatant fluid (SNF) was removed and dialysed in visking 
sacs at 0°C for 24 hours in a refrigerator, against several 
changes of distilled water to remove the alcohol and excess 
TCA. The protein at first precipitated during dialysis but 
later redissolved. It was found that if the earlier treatment of 
the total protein precipitate was with I % TCA in 96% aqueous 
acetone instead of in ethanol , albumin remained in solution 
throughout the whole period of removal of the TCA-acetone 
solvent. In this manner a pure aqueous solution of albumin 
was obt<1,ined, as judged by a single symmetrical peak on paper 
electrophoresis (Fig. l ). 
% 
Fig . I . Homogeneity of a lbumin fraction prepared by the TCA method . 
1 = Urinary albumin of cadmium-poisoned monkey F, 2 = Serum 
albumin of normal monkey. 
2. Separation of Urinary Alb11mi11s o f Differi11g Molecular 
Weights 
This was achieved by gel filtration" using the cross-linked 
dextran gel , Sephadex G 75, which allowed ready separation 
of molecules of the sizes of the albumins with which we were 
concerned. The aqueous solution of albumin, as prepared 
above, was applied carefully to the top of a column (40 x 1 ·8 
cm.) of the gel, and allowed to run into the gel. On complete 
entry. a phosphate-sodium chloride buffer (M / 15 phosphate 
buffer pH 7·0 and 0·5 M NaCl) was pumped through the 
column at a rate of 15 ml. per hour. The eluate from the 
column was monitored at 262 mµ. by a LKB Uvicord ultra-
violet absorptiometer with a recorder, and then collected in 
5 ml. fractions. The solution of the urinary albumins from a 
cadmium-poisoned monkey (F), produced a trace with two 
distinct peaks, indicating that there were two proteins of 
differing molecular weights in the albumin preparation (Fig. 2). 
The same twin peaks were given on Sepbadex chromatography 
.. 1 11oe• 
Fig. 2. Separation of urinary albumins of normal and of low molecular 
weight on dextran gel (Sephadex G 75). A = Cadmium worker 7108 , 
B = Cadmium worker Finch , C = Acute renal failure , D = Hepalo-
Ienticular degeneration , E = De Toni-Fanconi syndrome. F = Chronic 
glomerulonephritis, G = Cadmium-poisoned monkey F . 
whether the albumin fraction had been prepared on CM 
cellulose, by zone electrophoresis on ethylated cellulose, or by 
the preferred TCA method. 
lf, before running on Sephadex, the urinary albumin solu-
tion was enriched with a solution of normal monkey serum 
albumi n, then the graphic recording of the Uvicord-monitored 
column effluent bad a similar pattern to the urinary albumins 
alone ; but the protein peak first to emerge, i.e. the protein 
with the greater molecular weight, was augmented, with a 
greater area under the curve. This pointed to an albumin in 
the urine with a molecular weight similar to that of normal 
serum albumin, 66,000, as well as an albumin with a lower 
molecular weight. 
A number of other similar separations are shown in Fig. 2. 
Finch and 7108 refer to lyophilized urinary albumin from 
cadmium-poisoned workmen, prepared in Manchester in 1957. 
Until they were analysed this year, the specimens had stood at 
room temperature in small sealed bottles. Some denaturation 
had evidently taken place, since some of the protein remained 
insoluble in TCA-acetone. The albumin which dissolved was 
separable into two components, corresponding in size to 
normal serum albumin and to minialbumin. The presence of 
normal serum albumin was an unexpected finding, since the 
sedimentation coefficients of other specimens from the same 
individuals in May 1958 (kindly determined by Dr. R. A. 
Kekwick) were respectively 1·96 and 1-99, values which corre-
spond to a molecular weight of approximately 20,000. 
Albumin prepared from the urine of patients suffering 
from various renal disturbances have been examined as 
follows : acute nephritis (I case), acute renal failure (4), De 
Toni-Fanconi syndrome (I) and hepatolenticular degeneration 
(I). ln each instance, molecular separation on Sephadex G 75 
showed only one distinct peak appearing in the region and at 
the effluent volume associated with albumin of a normal 
molecular weight. No albumin of lower molecular weight was 
detectable. 
3. Characteristics of th e Urinary Minialbumin of Cadmium 
Poisoning 
(i) Sedimentation a11d di/ /11sio11 coefficients and molecular 
weight. These parameters of minialbumin were measured in 
the UCT/ CSIR Virus Research Unit, either by Dr. A. Polson 
himself or under his supervision. The sedimentation coefficient 
was determined using a Beckman Spinco analytical ultracentri-
fuge, model E, in which the concentration gradient curve is 
directly observed throughout the run by suitable optical 
equipment. The ultracentrifugal patterns of the urinary mini-
albumin of the cadmium-poisoned monkey (F) are presented in 
Fig. 3, alongside those for the serum albumins of a normal 
monkey and a normal rabbit. 
The sedimentation constant of the minialbumin S 20, w was 
calculated to be 2·2 x 10·" cm./sec./dyne (2·2S). 
The diffusion constant of the minialbumin was measured by 
the method of Cohen and Bruins" as modified by Lamm and 
Polson." The minialbumin was prepared in 0·9% w/ v sodium 
chloride solution at a concentration of 0·6 G / 100 ml. From 
the experimental observations, the calculated diffusion con-
stant D = 10·61 x 10·' sq. cm./ sec. 
The molecular weight of the minialbumin was calculated 
from the sedimentation and diffusion coefficients according to 
the equation of Svedberg"' and assuming that the partial speci-
fic volume of minialbumin is the same as that of normal serum 
albumin, their amino acid compositions being so similar. 
The molecular weight of minialbumin, thus derived, = 
20,060. 
(ii) A mi,w acid compos111on. The amino acid compos1t10n 
of normal monkey serum albumin has been compared with the 
values for the urinary albumins of the cadmium-poisoned 
monkey (F). The albumins were prepared in the usual manner 
by TCA-acetone fractionation, and I ml. of a solution of 
each containing 2 - 3 mg. protein was hydrolysed in 6 N HCI 
in a sealed pyrex tube according to the procedure of Hirs 
et al." Hydrolysis was carried out for 22 hours or for 70 hours. 
The hydrolysate was subsequently analysed by the ion-ex-
change chromatographic method of Moore, Spackman and 
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Fig . 3 . Ultracentrifugal patterns of a lbumins . Above. Normal monkey serum albumin, normal rabbit serum albumin . Below. Urinary minialbumin 
of cadmium-poisoned monkey F . 
Observations were made using a Beckman Spinco analytica l ultracentrifuge , model E. Minialbumin was examined as a 0·66 o/0 w / v solution in 
0·5 'k> w / v aqueous sodium ch loride in a synthetic boundary cell at a centrifuge speed of 56.100 r.p.m. The temperature was 24·7 °C and photographs 
were taken of the peak at intervals of 32 minutes . Photographs of the larger serum albumins of rabbit and of monkey were taken al 16-minute intervals . 
Stein," a known quantity of nor-leucine being added to each 
protein preparation before hydrolysis in order to check the 
recoveries in the over-all analytical procedure. From the per-
centage amino acid composition of the albumins (G each 
amino acid / 100 G protein), the numbers of the individual 
amino acid residues in each albumin expressed per gram 
molecular weight (66,000) of normal serum albumin have been 
computed and presented as histograms in Fig. 4. 
With the possible exception of lysine and of cysteine, which 
apparently represent a relatively lower proportion of the 
minialbumin molecule, the proportions of amino acids in the 
urinary albumins of the cadmium-poisoned monkey were not 
significantly different from one another or from normal 
monkey serum albumin. 
In other experiments, likewise, no significant differences 
were observed with regard to the quantities of bound hexose 
and sialic acid associated with the amino acids in the various 
albumin molecules. 
(iii) M etabolic turnover studies of the albumins in th e 
cadmium-poisoned mo11k ey. Two aspects were investigated, the 
metabolic turnover of minialbumin in the poisoned animal, 
and the fate of minialbumin injected intravenously into a 
normal monkey. 
In the first experiment, I mC L-lysine-C" (generally labelled) 
was injected intravenously into the cadmium-poisoned monkey 
F, as a single pulse-dose. Blood and urinary specimens were 
collected thereafter ; 5 carefully-t imed collections were made 
during the first 24 hours and Jess frequently in the following 
days, for a period of 3 weeks. In all, 26 blood specimens and 
27 samples of urine were obtained from the animal. 
The radioactivity of serum albumin was measured on dried 
protein prepared as follows : The albumin was prepared by 
the TCA-acetone method and then precipitated from aqueous 
solution with 10% TCA. The precipitate was washed twice in 
a centrifuge tube with 5% w /v TCA and then with 95% v/v 
ethanol followed by a mixture of ethanol, ether and chloro-
form (2:2:1 v / v / v) to dehydrate the protein adequately. The 
precipitate was then suspended in pure diethyl ether and plated 
onto a small filter paper disc (Whatman 541) in a modified 
Buchner funnel , and the protein thoroughly air-dried. The 
filter paper discs were then transferred to small stainless steel 
or plastic planchettes (1 ·5 cm. diameter), in which the protein 
could be weighed to 5 decimal places. The radioactivity was 
measured in an end-window Geiger-MUiler counter at infinite 
thickness. 
The urinary albumins were counted in solution in the 
Packard Tri-carb Scintillating Counter, Model 314 EX, 
standardized initially and daily with a Tri-carb standard con-
taining C" in toluene. Each vial was individually assayed at 
maximum efficiency, with recounting of protein preparations 
from day to day to check for fluctuation in the readings. The 
aqueous solutions of urinary normal and minialbumins, as 
collected from the column of dextran gel (Sephadex G 75), 
were concentrated by pervaporation in visking tubing. The pro-
tein concentration of each urinary albumin sample was deter-
mined by both the biuret and the micro-Kjeldahl techniques 
and carefully measured aliquots taken for scintillation count-
ing. Quantities of protein were taken such that optimal counts 
were obtained throughout the assay. 
The results of the experiment are presented in Fig. 5. The 
rates of logarithmic decay, as portrayed by the linear decline 
of specific activity of the individual albumins, indicate a 
greater rate of turnover of minialbumin as compared with the 
albumins of normal size in serum and urine. The curves are 
functions of the loss of C" label- particularly of C" lysine-
from the albumin molecules by degradation and by dilution 
of radioactive molecules by newly synthesized unlabelled 
albumin. Urinary albumin appears to have a slightly greater 
rate of turnover than has the albumin in the serum. The lower 
peak value of specific activity of minialbumin , as compared 
with the la rger albumins, may be accounted for in part by the 
fact that the relative proportion of lysine is less, and the 
possible maximum radioactivity by incorporation of C" lysine 
could be diminished accordingly. 
Interpretation of the findings is rendered difficult by a 
number of unknown facto.rs such as the rates of renal 
clearance of the urinary albumins, of metabolic interconver-
sions, if any, between minialbumin and the other albumins, 
and the relative importance to the individual proteins of 
recycled C" lysine or other labelled amino acid. The available 
evidence, though tentative, points to a somewhat greater turn-
over rate for minialbumin and a corresponding shorter biologi-
cal half-life, when judged by the radioactivity of the excreted 
protein. 
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Fig . 4. Amino acid composition of monkey serum and urinary albumins. The ordinate ~epresents numbers of amino acid residues per gram molecular 
weight of normal serum albumin (66,000). 
r=:zzzl Normal serum albumin - Urinary normal albumin l.==J Urinary minialbumin . 
The metabolic fate of infused C" minialbumin was studied 
in order to gain further insight into the metaboli c interrelation-
ships of the albumins. A total of 79.7 mg. C1'-Iabelled mini-
albumin was available from the previous experiment and this 












Fig. 5. Metabolic turnover or scrum albumin and urinary a lbumins of 
cadmium-JX)isoned monkey F. Specific radioactivity of serum albumin 
(- - -); of urinary normal albumin ( ...... ); and of urinary 
minialbumin (---). 
intravenously into a normal monkey (R). The monkey showed 
no signs of anaphylactic shock or other reaction after the 
injection. Blood and urinary specimens were collected follow-
ing the injection, fractionated in the usual manner, and the 
specific radioactivity of the albumins measured. No minialbu-


















,o 10 HOURS >O 
Fig. 6. Fate of C 14-minialbumin injected intravenously into a normal 
monkey R . Specific radioactivity of normal serum albumin (---) and 
of urinary minialbumin (- - - ) . 
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but serum albumin became rapidly labelled with a peak of 
radioactivity at 2 hours (Fig. 6). There were no counts in-
corporated into the serum globulin fraction. Of the injected 
C"-minialbumin, 40 mg. appeared in the first urinary specimen 
which could be collected, 3 hours after the injection. This was 
the only specimen of urine which contained radioactive pro-
tein. Slight radioactivity was detected in the urine at 23 hours, 
but no protein wr.s detectable, and presumably these were 
labelled products of a lbumin catabolism. 
The apparent rapid transfer of C" from minialbumin to 
normal serum albumin suggests some precursor relationship 
between the smaller and the larger albumin molecules. Such 
an important conclusion must be supported by much more 
experimental evidence, and a number of alternative mechanisms 
excluded before acceptance of this hypothesis. One obvious 
explanation cou ld be that C" minialbumin was adsorbed to 
normal serum albumin , but this seemed less likely as a result 
of the following experiment: 
2·5 mg. C'-minialbumin was added tu a solution contain-
ing 7.5 mg. unlabelled normal monkey serum albumin. The 
individual solutions were counted before mixing, and the 
mixture was allowed to stand for 5 hours in a waterbath at 
37 °C. The two albumins were then separated on Sephadex 
G 75, collected, concentrated in boiled dialysis sacs, and 
again counted. The experimental data are presented below: 
C"-minialbumin 
Normal monkey serum 
albumin ...... 











This simple experiment does not exclude the possibility that , 
in vivo, a firmer type of complex might exist between mini-
albumin and normal serum albumin , which might ::ccount for 
the radioactivity in serum albumin, as one of the metabolic 
fates of the infused C'"'-minialbumin in addition tu the large 
proportion (50 %) rapidly excreted unchanged into the urine. 
(iv) A11tige11ic behaviour of minialbumin. The antigeni1.: 
properties of minialbumin have been examined in two ways, 
by immunoelectrophoresis'" and on Ouchterlony3" plates. The 
gel for both techniques was I % agarose (purchased from 
Seravac Laboratories S.A. Ltd., Cape Town) in 0·05 M tris 
(hydroxy methyl) amino methane-RC! buffer, pH 8-4. 
Electrophoresis was performed in perspex tanks, with a PD 
of 300 V for approximately 20 minutes, progress being judged 
by the movement of a phenol-red marker. After removal of 
the pl ates from the electrophoresis tank, antiserum was placed 
in the longitudinal slot separating the two runs. Antigen-
antibody reactions leading to lines of precipitation within the 
ge l, were allowed to proceed overnight , the plates being housed 
in p~tri-dishes kept moist with damp filter paper. The immuno-
electrophoretic patterns were then photographed by contr,ct 
printing before or, more usually, after staining with 0-02% 
aqueous nigrosine. 
Fig. 7 shows the immunoelectrophoretic precipitation pat-
terns of the urinary mini- and normal albumins of the cadmium 
workman, Finch , separated as already described. The 
antiserum in the middle well was Coombs anti-human serum 
(Burroughs Wellcome). In each instance there is only one 
precipitin band to be seen , bands being closely paired with 
regard to their positions in the gel. No globulin contaminant 
was revealed on immunoelectrophoresis, although the anti-
serum had high titres against a wide range of serum globulins. 
The antigenic behaviour of various albumins were tested by 
the two-dimensional gel diffusion procedure first described by 
Ouchterlony in 1948. The antibody was placed in the central 
well of the agarose gel deposited on the glass slides, while 
the antigens to be examined were put into the 6 circumferential 
wells , as seen in Fig. 8. The proteins diffuse through the gel 
and, o n meeting, antibody and specific antigen form precipitin 
bands. The reaction was usually complete after 24 hours, but 
with antigens or antibodies of weak titre , 48 hours were 
needed for development of the precipitates. Precipitin bands 
Fig . 7. Imrnunoelectrophoretic pattern of urinary albumins of cad mium-
poisoned workman Finch . Above. Urinary normal albumin . Below 
Urinary minialbumin . 
were visib le to the naked eye as white lines at varying 
dista nces from the central well. The pl ates were sometimes 
photographed unstained by contact printing, but more usually 
after the precipitin bands had been stained. The plates in 
Fig. 8 are almost self-explanatory, but the important features 
are as follows: 
Plate I. Coombs anti-human serum in the central well has 
given the reaction of identity between urinary normal albu-
min and minialbumin of the cadmium worker (Finch), 
alternating in wells 2 - 5, and at increasing concentrations of 
antigen. The precipitin bands fuse without intersection or 
formation of spu rs. In contrast , normal monkey albumin and 
normal bovine a lbumin give no clear-cut precipitin bands. 
Plate II . There is reaction of identity between the urinary 
albumin of a cadmium worker (7 108) and normal human 
serum albumin (wells I and 2). 
Apart from normal albumin and minialbumin in the 
TCA-acetone preparation , no protein could be detected from 
/'late I 
Fig. 8 
l'late II /'late II I 
Fig . 8. Antigenic behaviour o n Ouchterlo ny plates of various albumin 
preparations. 
l'late I . Coombs an ti-huma n serum in central well. I = Serum albu-
min no rmal monkey, 2 = Urinary albumin cadm ium worker Finch. 
3 = U rinary minialbumin cadmium worker Finch , 4 = Urinary normal 
albumi n Finch , 5 = Urinary minialbumin Finch, 6 = Normal bovine 
serum albumin. 
Plate 11 . Coombs anti-human serum in central well. 1 = Norma l 
human serum albumin. 2 = Uri nary normal albumin cadmium worker 
7108. 3 = Pre-albumin peak . 4 = Pre-a lbumin peak . 5 = Urinary 
minial bumin cadmium worKcr 7 108, 6 = Post-minialbumin peak . 
Plate Ill . Rabbi t ant i-normal monkey a lbumin in central well . I = 
J\iorinal monkey serum albumin. 2 = Urinary normal albumin cad-
mium-poisoned monkey F. 3 = Urinary minialbumin monkey F. 4 = 
U~i~ ary n<;>rmal albumin monkey F (concentrated 10 x). 5 = Urinary 
111 ,nial bumm monkey F (concentrated JO x), 6 = Urinary normal 
albumin monkey F (concentrated 10 x) . 
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the urine of the cadmium worker 7108 (material forming 
minor peaks in the eluate from the dextran gel column, 
Sephadex G 75, were placed in wells 3, 4 and 6). 
Plate III . The central well contains rabbit anti-normal 
monkey serum albumin, prepared by 6 weekly intramuscular 
injections into an adult rabbit, of 5 - JO mg. monkey albumin 
in I ml. water, emulsified with J ml. oil adjuv11nt. 
Wells I , 4, 5 and 6 show reaction of identity with one 
another: the preparations in wells 2 and 3 were too dilute 
to give clear lines of precipitation. 
The Origin of Minialbumin 
A detailed report on investigations relating to the origin 
of minialbumin will be published shortly. One aspect only 
of this problem will be considered in the present paper, 
namely, whether any fragmentation of serum albumin can 
occur during the initial mixing of cadmium chloride with 
whole blood. 
Whole normal monkey blood (6 ml.) was mixed with 
6 mg. Cd (as CdCI,) in the usual manner as for intrave-
nous injection. Thereafter, serum albumin was prepared 
by the TCA-acetone procedure and fractionated by gel 
filtration. No minialbumin could be detected, only the 
single peak of normal serum albumin being present (Fig. 
9), and we can safely conclude that minialbumin is pro-
duced either in the circulating blood or at some tissue site 
in the body. 
,0 
Fig . 9. Gel filtration o[ serum albumin prepared from whole monkey 
blood treated with cadmium chloride-6 ml. whole normal monkey 
blood mixed with 6 mg . Cd (as CdCl
2
) as for IV injection . Serum albu· 
min prepared and fractionated in the normal way. 
DISCUSSION 
Workmen exposed to cadmium oxide dust or fume suffer 
clinically from an incapacitating emphysema," the main 
cause of the morbidity and mortality of men poisoned by 
cadmium in industry. Proteinuria is commonly found in 
such affected persons, but the incidence and quantity is 
not closely associated with the severity of the lung lesion. 
Cadmium administered intravenously to rabbits," dogs and 
monkeys gives rise to proteinuria without causing lung 
damage. On the other hand, much evidence pointing to 
disturbances in renal function or to histological changes 
in the kidney has been accumulated from patients and 
experimental animals. Thus Bonnell and his associates" 
have described renal lesions consisting essentiall y of tubu-
lar atrophy and interstitial fibrosis in chronically poisoned 
rats, although Kench et al." observed only minimal 
changes at postmortem examination of experimental rab-
bits. In an addendum to this paper Dr. Timme reports 
definite degenerative changes in the proximal tubules of 
the cadmium-poisoned monkey F, with occasional frank 
necrosis. Aminoaciduria is a frequent finding in poisot'led 
workmen, progressing from the appearance alone of the 
hydroxy amino acids, serine and threonine, in mildest 
intoxication to a generalized aminoaciduria in severe 
poisoning.33 Glycosuria may accompany the proteinuria 
and aminoaciduria. A fine mtralobular cirrhosis of the 
liver was observed in poisoned rabbits; and occasional 
areas of focal necrosis, but without evidence of cirrhosis, 
were noted in the monkey liver. 
As regards the proteinuria itself, the present study has 
demonstrated unequivocally the presence of a minialbumin 
as well as normal albumin in the urine of the cadmium-
poisoned monkey. Poisoned monkeys, dogs and rabbits, 
excrete less minialbumin relatively to normal serum albu-
min when compared with man. The number of minialbu-
mm molecules formed in the cadmium-poisoned monkey is 
equal approximately to 26% of the number of albumin 
molecules of normal molecular weight being synthesized 
in the liver, whereas the corresponding figure for poisoned 
workmen is 53 %. 
The minialbumin appears to have a somewhat greater 
turnover rate than have serum and urinary albumins of 
normal molecular weight in the cadmium-poisoned mon-
key. In high doses about 50% of minialbumin passed 
through the kidney of a normal monkey, but the quantity 
injected in 2 minutes (80 mg.) corresponds roughly to the 
quantity presented to the kidneys of severely poisoned 
monkeys in 24 hours. Of the 40 mg. retained, much of the 
C" of minialbumin appeared in the albumin fraction in a 
form inseparable by gel filtration . The relatively large 
metabolic load of minialbumin which can be retained by 
the normal monkey kidney suggests that a certain degree 
of renal damage must occur before the protein can pass 
into the urine. Perhaps the onset of the proteinuria is 
delayed by the presence, in normal renal cortical tissue, 
of the cadmium-binding protein metallothionein," but, at 
present, we have no useful information on this question . 
We have been unable to detect minialbumin in the urine 
of a small series of patients suffering from non-specific 
renal tubular defects, but thi s aspect of the problem also 
deserves further investigation . 
The other characteristics of minialbumin are of great 
interest. Its molecular weight (20,000) is rather more than 
one-quarter of that of normal serum albumin, but we have 
found that, with the possible exception of its content of 
cysteine and of lysine, its amino acid composition is in-
distinguishable from that of normal serum albumin . Press 
and Porter," in their studies on the degradation of human 
serum albumin with a-chymotrypsin, have separated 4 
serologically active components, ranging in molecular 
weight from 7,000 to 23,400. The smallest component did 
not precipitate antibody but partially inhibited precipita-
tion. Its amino acid composition differed greatly from that 
of the whole molecule, containing fewer residues of argi-
nine and praline and entirely lacking serine and tyrosine. 
The minialbumin of cadmium poisoning appears to be quite 
a different entity from any fragment prepared by Press and 
Porter, and it precipitated antibody in a manner indistin-
guishable from that of normal serum albumin. The close 
similarity in antigenicity and amino acid composition 
between minialbumin and normal serum albumin suggests 
that the smaller molecule could arise as a result of the 
inhibitive action of cadmium ion s at some stage in the 
synthesis or breakdown of normal albumin. For such a 
mechanism to operate implies the presence of a segment, 
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identical with minialbumin, within the long polypeptide 
chain which constitutes the normal serum albumin mole-
cule. The close similarity in amino acid composition be-
tween minialbumin and the serum albumin molecule as a 
whole would, in this context, mean that the remainder of 
the albumin molecule should have a similar amino acid 
composition, although not necessarily the same primary 
arrangement of amino acid residues. It is possible that the 
small albumin encountered in cadmium poisoning may be 
formed entirely independently of normal serum albumin 
metabolism. If this were true, it would resolve the appa-
rent anomalies between the amino acid composition and 
antigenic behaviour of the peptides prepared from serum 
albumin by tryptic digestion" and the corresponding 
characteristics of the minialbumin of cadmium poisoning. 
Whatever the true mechanism, the evidence has already 
convinced us that cadmium ions will provide an important 
tool in the investigation of the synthesis of albumin and 
perhaps of other body proteins, and of the relationship 
between the size and structure of albumins and their anti-
genic behaviour. 
SUMMARY AND CONCLUSIONS 
l. Lyophilized preparations of urinary proteins of 
cadmium workers have been fractionated by the trichlor-
acetic acid -acetone method and the albumin fraction sub-
sequently separated into normal and low-molecular species 
by filtration through a column of dextran gel. 
2. The low molecular protein migrated electrophoretic-
ally on paper as does serum albumin, and in TCA-aceton_e, 
on immunoelectrophoresis, in Ouchterlony plates, and m 
its amino acid composition was indistinguishable from 
human serum album in . Only in its smaller molecular 
weight (approximately 25 ,000) did it differ from serum 
albumin and hence it has been named minialbumin. 
3. No minialbumin could be detected in the urine of a 
small series of patients suffering from non-specific renal 
tubular damage, as for example, an advanced case of 
hepatolenticular degeneration, Fanconi syndrome, acute 
tubular necrosis or neph rotic syndrome. 
4 . Dogs and monkeys have been chronically poisoned 
fiy repeated intravenous injections of cadmium chloride, 
and after some months these animal s, too, were found to 
exc1 ete a minialbumin closely similar in all the respects 
already mentioned, with their own serum albumins and 
the normal molecular albumin found with them in the 
urine. 
5. Diffusion-constant determinations and ultracentrifu-
gation for the sedimentation constant proved the molecular 
weight of monkey minialbumin to be approximately 20,000. 
6. Whole monkey blood when mixed with cadmium 
chloride in the usual manner, as for intravenous injection, 
did not give rise to any detectable minialbumin, only the 
single peak of normal serum albumin being present. 
7. Monkey minialbumin had a somewhat higher meta-
bolic turnover rate than its normal serum counterpart as 
shown by incorporation of C"-lysine and radioactive decay 
of the serum and urinary albumin molecules. 
8. The minialbumins of the various species differed 
antigenically from one another, as did their normal proto-
types : Coombs anti-human serum did not give a precipitin 
reaction with monkey albumins, and a rabbit anti-monkey 
albumin preparation likewise was inactive against human 
albumin. No cross-reactions have been observed. 
9. When 80 mg. C"-minialbumin was injected intra-
venously into a normal monkey, about 50% of the protein 
appeared in the urine within 3 hours and the ramainder 
was retained in the body. Much of the C" was detected in 
the serum albumin fraction and was inseparable on gel 
filtration . 
10. This appears to be the first recognized example of 
a simple chemical agent capable of bringing about a repro-
ducible aberration in vivo in the molecular size of a 
protein . The possible biochemical mechanisms by which 
cadmium ions might lead to the in vivo formation of 
minialbumin have been discussed, and the hope expressed 
that cadmium may prove to be an important tool in the 
study of structure, metabolism and immunological be-
haviour of proteins. 
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teins ; Dr. M. C. Berman for stimulating discussion ; Dr. A. H. 
Timme, Department of Pathology, for the histological studies 
and report; and Drs. W. P. U. Jackson, F. Harris and R. 
McDonald who kindly helped in our search for patients. We 
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ADDENDUM 
A Report on the Histology of the Cadmium-poisoned 
M onkey F 
by Dr. A. H. Timme, 
Department of Pathology, University of Cape Town 
A systematic investigation has been undertaken of the histolo-
gical changes observed in the tissues of cadmium-intoxicated 
animals. A detailed report on liver and kidney tissues from 
biopsies and at postmortem examination is included in A. C. 
Gain's Ph.D. thesis. In the kidney biopsy definite degenerative 
changes were evident in the proximal tubules, with occasional 
frank necrosis , while attempts at regeneration on the part of 
the epithelial cells were minimal. The liver biopsy showed no 
evidence 0f cirrhosis. Occasional areas of focal necrosis were 
present. At postmortem examination, both the liver and kidney 
showed evidence of damage which could be attributed to the 
cadmium intoxication. Tn the kidney the changes were un-
mistakable, but those in the liver were less impressive and 
their significance much less certain. The fact that the post-
mortem specimen of liver showed more severe changes than 
are seen in the biopsy may be due to the metabolic disturb-
ances following the nephrectomies (which were performed 
following the experiments described in the foregoing paper). 
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In a recent report,' we described the isolation and 
characterization of low-molecular albumins in the urine 
of dogs and monkeys poisoned chronically with cadmium 
chloride, given by repeated intravenous injections. The 
present paper describes experiments designed to provide 
more information on the origin and mechanism of forma-
tion of the minialbumins. Such knowledge would be im-
portant in relation to the possible role of cadmium ions in 
the regulation of albumin metabolism, and would also 
help to resolve uncertainty with regard to the tissues most 
affected by the metal. The evidence that cadmium can be 
a nephrotoxic agent is well reviewed by Bonnell.' 
Amino-aciduria' and glycosuria, hypercalciuria and 
other defects of both proximal and distal tubular func-
tion• appear to be indicative of a Fanconi type of renal 
tubular disorder. Abnormal renal function tests have been 
demonstrated in a number of cases• but, on the contrary, 
the kidneys of poisoned workmen who have died after 
years of persistent proteinuria may show no histological 
evidence of tubular necrosis.' Our own view that the 
proteinuria of cadmium intoxication is a specific entity'·' 
is not favoured by other investigators. Creeth et at.• con-
sider the mixture of urinary proteins observed in cadmium 
poisoning to be that typical of any non-specific renal 
tubular defect. Our earlier publications have included data 
which do not appear to support this concept, and the 
present work provides, we believe, further evidence in 
support of the view that the low-molecular albumin, found 
in the urine of men and animals poisoned by cadmium, 
arises as a result of a characteristic biochemical lesion. 
The pattern of urinary globulins may be associated with 
the Fanconi type of renal tubular syndrome, but it has 
transpired from our work that the urinary minialbumin 
probably comprises a mixture of polypeptides formed by 
fragmentation of the serum albumin molecule, mainly 
within the liver cells. The smallest fragments which have 
been recognized are all approximately similar in size (MW 
5,000), and it is presumed they have widely diverse amino-
acid composition. The over-all composition of the mixture, 
nevertheless, closely simulates that of the parent molecule. 
The peptides have a remarkable tendency to aggregate to 
form molecules whose molecular weight may be 10,000, 
20,000 or even that of normal serum albumin (67,000). 
Urinary minialburnin, we regard, as the component MW 
20,000 in this series which passes into the urine when 
reabsorption of the protein from the glomerular filtrate is 
impaired by cadmium ions. 
For purposes of discussion, all mixtures of polypeptides, 
wh~se _amino-a~id composition, electrophoretic mobility, 
antigemc behav10ur and stability in acid-ethanol are close-
ly similar to these characteristics in normal serum albumin 
are referred to, throughout, as minialbumins, regardless of 
whether found in urine, peritoneal dialysate, serum or 
tissues. 
EXPERIMENTAL OBSERVATIONS AND RESULTS 
Experimental animals and their maintenance. Male vervet 
monkeys (Cercopithecus aethiops) were housed and fed , and 
specimens collected, as already described.' The rats used_ w~re 
normal adult female albino animals, locally bred and we1ghmg 
240 - 300 G. The animals were maintained on a normal diet 
and were not starved before the experiments. The rats were 
supported on a perforated porcelain disc inside a glass con-
tainer and the urine could thus be easily collected. 
The rabbits employed for the production of antisera were 
normal healthy males, locally bred, and each weighed approx-
imately 2 kg. They were fed on a standard mixed diet. 
Poisoning of the animals. Poisoning of monkeys was per-
formed according to the method of Kench et al.' Cadmium 
was administered to the rats as a 1 % w /v solution of cadmium 
chloride in 0-9% w /v sodium chloride, at a dosage level of 15 
mg. cadmium/kg. body-weight. An equivalent volume of 
physiological saline was given to the control animals. The 
animals were lightly anaesthetized and the cadmium chloride 
or saline injected intraperitoneally over a few minutes. 
Peritoneal dialysis. This procedure was performed on mon-
keys only. Indwelling teflon catheters were surgically inserted 
into the peritoneal cavity of monkeys, anaesthetized by intra-
venous injection of sodium pentothal solution (2 ml. of 2-5% 
aqueous solution). The dialysis fluid was sterile, non-pyrogenic 
Ringer's lactate, peritoneal dialysis solution (Dianeal), which 
was warmed before infusion. The solution contained Na+, 
Mg'+ , Ca'+, CI-, lactate and 15% glucose, with 1 mg. /1. bisul-
phite. The fluid was run in and out of the peritoneal space of 
the animal, under gravity, for 30-min. periods. 
Collection and preparation of sera and tissue extracts. Serum 
was employed throughout for preparation of albumin, as hepa-
rin interfered with the precipitation procedure. Blood was with-
drawn from the saphenous vein of the lower hind legs of the 
monkeys and allowed to clot. Blood from the rats was ob-
tained from the aorta and from the hepatic portal vein imme-
diately after killing the animals. 
Clear supernatant extracts of liver and kidney tissues were 
prepared as follows : the tissues were homogenized in M / 15 
phosphate buffer pH 7,0 and then centrifuged at 105,000 g. for 
100 min. 
SPECIAL INVESTIGATIONS OF ALBUMINS 
Separation of Albumin Fraction 
Albumin was prepared in many instances by the trichlor-
acetic acid (TCA)-acetone method of Vallance-Owen et 
al.,9 which is particularly suited to handling of voluminous 
specimens such as dialysates and urine. Trichloracetic acid 
and acetone were removed from the albumin solution by 
dialysis in Visking cellophane sacs against M/ 15 phosphate 
buffer pH 7·0. The dialysed solution of albumin was freeze-
dried and redissolved in column buffer. The albumin ob-
tained was found to be free of globulins by either cellulose 
acetate or immunoelectrophoretic techniques. One unfor-
tunate complication we discovered was an interfering sub-
stance being extracted from the sacs by the acetone, or by 
ethanol if this was used as the solvent. 
The contaminant from the Visking dialysis tubing was 
biuret positive, absorptive at 280 mµ., and had a molecular 
weight ranging widely around 5,000. It could be extracted 
from the sacs by boiling with dilute sodium carbonate solu-
tion or in the presence of bile salts, but this treatment irre-
versibly increased the porosity, so that, afterwards, lyso-
zyme (MW 14,500) diffused freely through the membranes. 
Thus, both untreated and treated membranes were for 
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different reasons equally unsuitable for our purpose. 
Alternatively, the HCI-ethanol method of Fernandez et 
al." was employed, as it did not require contact of cello-
phane membranes with organic solvents. The method was 
found to be quite satisfactory. In this procedure, globulins 
are first precipitated by addition of an HCI-ethanol mix-
ture, and the resulting supernatant fluid separated and 
treated with sodium acetate to precipitate the albumin. This 
could be collected by centrifugation and then dissolved in 
sodium chloride solution (0·2 M or more) for passage 
through cross-linked dextran gel Sephadex G 75. The pore 
size of this gel permitted good separation of the different 
types of albumin under investigation. Details of column 
dimensions, buffer systems and flow rates are given indivi-
dually with the illustrations, as these factors varied accord-
ing to the experiment. Invariably, eluates from the column 
were monitored at 262 mµ, by a LKB Uvicord ultraviolet 
absorptiometer and recorder. 
Protein preparations were preserved by lyophilization 
after removal of salt by dialysis in boiled cellophane sacs. 
Buffers for all albumin preparations contained 500 mg. 
sodium azide per litre as preservative. The pH of the 
albumin solution during the TCA procedure fell to approx-
imately 2-5, whereas it did not fall below 4·5 in the HCl-
ethanol method. Both techniques gave closely similar re-
sults as judged by quantities of normal and minialbumins 
present, and in the characteristics of the individual albu-
mins. 
Specimens of urine were dialysed for 24 hours against 
running water and then for 1 - 2 hrs. against distilled water 
before precipitation and fractionation of the proteins. Dia-
lysates were treated likewise. 
An investigation on the albumins present in peritoneal 
dialysates of the monkey F is presented in Fig. 1. Many 
A 
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Fig. I. Albumins in the peritoneal dialysates of a cadmium-poisoned 
monkey F, following bilateral nephrectomy. A = peritoneal dialysate 
1 day after nephrectomy; B = peritoneal dialysate 6 days after 
nephrectomy and 10 hrs. after a pulse dose of 6 mg. cadmium given 
intravenously as cadmium chloride. Albumins prepared from Uie 
dialysate by the TCA-acetone method, and separated on Sephadex 
G 75 M/15 phosphate buffer, pH 7·0, containing 0·5 M sodium chlo-
ride. Column = 25 x 2 cm. Flow rate 20 ml./hr. Optical density (OD) 
recorded at 262 mµ. Normal albumin is eluted first from the column 
and minialbumin later, reading from left to right on the optical 
density tracing. 
experiments on this animal were described in our previous 
communication.' He had been chronically poisoned with 
cadmium for several months, and then, in two stages, 
underwent bilateral nephrectomy. The animal appeared to 
withstand the operation well and was sitting up in his 
cage on the 1st postoperative day. Following nephrectomy, 
peritoneal dialysis was performed on the 2nd, 4th and 6th 
postoperative days. A single dose of 6 mg. cadmium (as 
cadmium chloride) was administered intravenously at 10 
p.m. on the 5th postoperative day, and he was dialysed 10 
hours later. Unfortunately, the monkey died unexpectedly 
2 hours later. 
Minialbumin was found to be present in all peritoneal 
dialysates, and the quantity did not appear to fall during 
the 6 days following complete nephrectomy. Moreover, 
after the booster dose of cadmium on the 5th day, there 
was a marked rise in output of minialbumin in the peri-
toneal dialysate collected 10 hours later; the rise in con-
centration was from 110 to 180 mg./100 ml. dialysis fluid . 
In subsequent experiments, we have been unable to de-
tect minialbumin in the peritoneal dialysates of normal 
monkeys, but the appearance of minialbumins in sera and 
peritoneal dialysates following intravenous injection of 
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Fig. 2. Albumins in U1e sera and peritoneal dialysates of a chronic-
a lly-poisoned monkey K, given pulse doses of cadmium. A and C = 
peritoneal dialysate and serum respectively 168 hrs. after previous cad-
mium injection; B and D = peritoneal dialysate and serum respec-
tively It hrs. after pulse dose of 6 mg. cadmium given intravenously 
as cadmium chloride. Albumins prepared and separated as in Fig. l. 
Column = 40 x 1·8 cm. Flow rate 15 ml. /hr. Optical density (OD) 
recorded at 262 mµ, Some sac contaminant can be seen as a small 
peak in A following just behind minialbumin. 
The rise in the peak of circulating minialbumin is espe-
cially marked 90 mins. following a pulse dose of 6 mg. cad-
mium, but in the chronically-poisoned monkey there is 
always some minialbumin present. There is a steady fall 
in the urinary excretion of minialbumins following a single 
booster dose of cadmium in monkeys chronically poisoned 
by cadmium (Fig. 3). The usual timing of events in chronic 
poisoning, as observed consistently in the 6 monkeys we 
have studied, is the appearance of minialbumins in the 
serum after intravenous injection of 25 - 30 mg. cadmium 
(10 - 12 mg. weekly for 2 - 3 weeks) and minialbuminuria 
becomes evident after 60 - 90 mg. cadmium and 6 - 7 weeks 
of poisoning, provided the poisoning regime is steadily 
maintained. Thus, passage of minialbumin into the urine 
usually begins 4 weeks after its first appearance in the 
serum. If the injections are stopped in these short-term in-
toxication studies, the gravity of the biochemical lesion 
falls away in a few days, as seen in Figs. 2 and 3. 
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Antigenic Behaviour of the Albumin Preparations 
The antigenic behaviour of the various minialbumins 
was compared with that of normal serum albumin by the 
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Fig. 3. Urinary albumins of the cadmium-poisoned monkey G , follow-
ing a pulse dose of 6 mg. cadmium given intravenously. A - E = 1 - 5 
days respectively after the dose. Albumins prepared and separated as in 
Fig. l. Column 25 x 2·5 cm. Flow rate = 18 ml. / hr. OD recorded 
at 262 mµ. 
For these purposes, antisera to normal monkey albumin, 
to normal monkey serum and to normal rat serum was 
produced. This was done according to the method of 
Mandy et al." Normal healthy rabbits each weighing 
approximately 2 kg. and fed on a balanced diet were em-
ployed. A 1 % solution of the appropriate antigen in physi-
ological saline was sterilized by passage through millipore 
filters (porosity 0-5 - 0-22 µ,) and injected intravenously 2 
or 3 times weekly. The animals were test bled from the 
ear after 5 - 6 weeks and after a 5-day resting period. Sub-
sequently, bleeding and inoculations were carried out 
every 2 - 3 weeks. 
lmmunoelectrophoresis" was performed in 1 % agarose 
gel (Seravac Laboratories, Cape Town) prepared in 0-05 
M tris (hydroxymethyl) amino methane (tris)-HCl buffer 
pH 8-4, in a perspex tank, over a period of 25 - 30 minutes 
with potential difference of 300 V. Phenol red, which runs 
slightly ahead of albumin, was employed as a marker. The 
antigen-antibody precipitin reaction was allowed to pro-
ceed overnight in a moist chamber at the ambient tempera-
ture. After dialysing out excess antiserum, the precipitin 
lines were fixed with an ethanol-acetic acid-water mixture, 
stained with 1 % aqueous nigrosin solution, and finally 
cleared with 5% w /v acetic acid. The dried plate could 
then be photographed. 
Ouchterlony plates were prepared with 1 % agarose gel 
in 0-05 M tris-HCl buffer pH 8-4. Diffusion and precipita-
tion was allowed to proceed overnight. The fixing and 
staining procedures thereafter were as described above for 
immunoelectrophoresis. 
All buffer solutions used in these studies of antigenicity 
contained 500 mg. sodium azide/litre, as preservative. We 
have collected together a number of immunoelectrophore-
tic patterns in Fig. 4 which illustrates the close similarity 
in electrophoretic mobility and antigenic behaviour be-
tween serum albumin of normal monkeys and minial-
bumins from sera, peritoneal dialysates and urine of chro-
nically-poisoned animals. Figs. 4 and 5 are representative 
of consistent observations on 6 poisoned monkeys (F, K, 
G, 0, B, M). 
Fig. 4. Immunoelectrophoresis of albumins prepared from normal and 
cadmium-poisoned monkeys. IA, IB, 2A, 2B- left hand side of well = 
whole normal monkey serum. lA nght, 3B left = serum normal 
albumin from poisoned monkey. lB . 3B right = serum minialbumin 
from poisoned monkey. 2A and 2B right = normal and minialbumin 
respectively from peritoneal dialysate of poisoned monkey. 3C left 
and right = urinary normal and minialbumin from poisoned monkey. 
Antiserum in central well: Plates 1 and 2-rabbit anti-whole normal 
monkey serum; plate 3- rabbit anti-normal serum albumin from 
normal monkey. 
As seen in plates 1 and 2, the rabbit antiserum had good 
titres against a wide variety of serum globulins, but no 
trace of globulin contaminant can be seen in the albumin 
preparations. Minialbumins from serum or peritoneal 
dialysate of poisoned animals moved slightly faster than 
the corresponding normal albumin. With a specific anti-
serum prepared against normal monkey serum albumin 
(plates 3B, 3C), serum and urinary normal albumins and 
minialbumins are indistinguishable from one another on 
the plates. 
Fig. 5 is a photograph of two Ouchterlony plates, in 
which rabbit anti-whole normal monkey serum was placed 
in the central well, and various albumin preparations in 
the peripheral wells numbered 1 - 6. The plates show 
clearly continuous fusion of all the precipitin bands around 
Fig. 5. Oucbterlony plates showing the antigenic behaviour of albumins 
from serum, peritoneal dialysates or urine of cadmium-poisoned mon-
keys. Plate I : I and 3 = serum normal albumin from poisoned 
monkey, 2 = serum minialbumin from poisoned monkey, 4 and 6 
= urinary normal albumin from poisoned monkey, 5 = urinary 
minialbumin from poisoned monkey. Plate 2: I and 3 = normal 
albumin from peritoneal dialysate of poisoned monkey, 2 and 4 = 
minialbumin from peritoneal dialysate of poisoned monkey, 5 = 
serum normal albumin of poisoned monkey, 6 = serum normal 
albumin of normal monkey. Antiserum used: rabbit anti-whole normal 
monkey serum. 
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the central well, without intersection or formation of 
spurs (the minialbumin in well 2 of plate 2 was too dilute 
to give a precipitin reaction). In brief ,all albumins-
whether normal or miniature in size, from serum of nor-
mal monkeys or from sera, peritoneal dialysates or urine 
of the 6 cadmium-poisoned monkeys we have studied-
gave the reaction of identity in this test and were anti-
genically indistinguishable against this antiserum. 
Amino-Acid Composition 
The amino-acid composition of each electrophoretically-
pure albumin was determined. The proteins were hydro-
lysed according to the method of Moore and Stein," in 6 
N HCl in sealed, oxygen-free, evacuated pyrex tubes, for 
22 hours at ll0 °C. The resulting mixture of amino acids 
was dried by lyophilization, and analysed in a Beckman 
Spinco amino-acid analyser, Model 120 B, according to the 
method of Spackman et al." Data on serum normal albu-
min and minialbumin of the cadmium-poisoned monkey M 
are presented in Table I and in the form of histograms in 
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The number of residues has been calculated on the basis of a molecular weight 
of 67,000 for albumin in both cases. This albumin was prepared by the method of 
Fernandez el al. Albumin prepared by the TCA method of Vallance-Owen el a/. 
gave similar results. 
Fig. 6. With the exception of the lower proportions of 
lysine and t-cystine in minialbumin, there is a close simi-
larity between the amino-acid composition of the two pro-
teins. We are unable to make a firm statement as to whe-
ther the smaller differences, seen in threonine, serine, gly-
cine, valine and isoleucine, are significant or within experi-
mental error. Similar findings have already been reported 
by us for monkey F, and we have so far found low values 
of lysine and t-cystine in the minialbumins of all 3 
monkeys we have investigated, but, in other respects, the 
amino-acid compositions of normal serum albumin and 
minialbumins are remarkably alike. 
Sedimentation and Diffusion Coefficients and Molecular 
Weight of the Minialbumins 
These parameters were kindly determined on a number 
of our preparations by Dr. A. Polson, as described pre-
viously. His report on one preparation of serum minial-
bumin from the monkey M is as follows : 'The synthetic 
boundary cell was used, and a 0·6% solution of protein in 
0·9% w /v NaCl was run in the Beckman Spinco analytical 
ultracentrifuge, Model E. The bulk of the material (approx-
imately 60%) had a sedimentation constant less than 1 
Svedberg unit, but, on account of its inhomogeneity, no 
accurate sedimentation constant could be calculated. The 
rest of the protein travelled as a peak for which the sedi-
mentation constant was calculated as S20, w = 4·75. Within 
the limits of error of the experiment, this coefficient corre-
sponds to that of normal serum albumin.' 
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Fig. 6. Amino-acid composition of normal albumin and minialbumin 
obtained from the serum of the cadmium-poisoned monkey M . In the 
histogram the amino acids are expressed as gram residues per 100 G 
albumin, rather than as the n umber of residues per molecule of 
albumin, because of the heterogeneity of the small albumin . 
This same preparation run previously in higher salt con-
centration appeared to consist only of molecules of weight 
less than 10,000. Serum minialbumin prepared from mon-
key K (Fig. 2) and kindly examined in the ultracentrifuge 
Fig. 7. Ultracentrifugal pattern of serum minialbumin prepared from 
the cadmium.poisoned monkey M. Observations were made using a 
Beckman Spinco analytical ultracentrifuge , Model E. The protein was 
examined as a 0·6 % solution in 0·9 % w/v aqueous sodium chloride in 
a synthetic boundary cell at a centrifuge speed of 56,100 r.p.m. 
Pho tographs were taken of the peak at intervals of 32 minutes. 
by Dr. T. H. Mead, contained mainly protein of MW 
10,000, but greater and smaller components were also 
present. 
These observations are in line with those previously re-
ported for the urinary albumins of cadmium workers. In 
some mysterious manner, the minialbumins had apparently 
grown in molecular size during storage. The effect was 
almost certainly due to the fact that the preparations were 
ultracentrifuged in a lower salt concentration (0·9% NaCl) 
in Cape Town as compared with that used by Dr. R . A. 
Kekwick in London (phosphate-sodium chloride buffer 
total ionic strength 0·35). 
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Minialbumin Formation in Rats Acutely Poisoned with 
Cadmium 
A series of rats were killed at varying intervals of time 
after a single intraperitoneal injection of cadmium, and 
the albumins in the serum separated on dextran gel, Sepha-








40 80 120 150 
EFFLUENT VOL. IN M... . 
Fig. 8. Albumins prepared from sera of rats acutely poisoned with 
cadmium . A = control-equal volume of saline injected and animal 
killed after 60 mins. B - F = 15 mg. cadmium/kg. body-weight injected 
intraperitoneally, and tbe animals killed at 0, 40, 90, 180 and 1,440 
mins. respectively. Albumins prepared by HCl-ethano l method and 
separated on Sephadex G 75 in M/ 15 phosphate buffer, pH 7·0 con-
taining 0·2 M NaCl. Column 42 x 1·8 cm. Flow rate 12·5 ml. / hr. OD 
recorded at 262 mµ, 
injection (Fig. 8). Concurrently with the appearance of 
minialbumin in the serum, a pre-albumin fraction arose in 
the electrophoretogram. The sera were applied to cellulose 
acetate strips and electrophoresis carried out for 20 mins. 
in a perspex tank, in veronal buffer pH 8·6, ionic strength 
0·75, at a potential difference of 120 V and current of 
3·5 - 4-5 ma. The strip was fixed and stained in a fixative-
dye solution containing Ponceau S, trichloracetic and sul-
phosalicylic acids. The plates were cleared and dried and 
scanned in the 500 - 520 mµ. range in the analytrol. The 
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Fig. 9. Electrophoretic studies on tbe sera obtained from rats acutely 
poisoned with cadmium. A = control animal-saline-killed at 60 
mins. B - F = sera from animals killed at 0, 40, 90, 180 and 1,440 
mins. respectively after intraperitoneal injection of 15 mg. cadmium/kg. 
body-weight 
tion is evident at 90 mins., but it has fallen markedly 180 
mins. after the injection. It is proposed to study this change 
in more detail in further experiments. 
Fig. 10 presents observations on the albumins present in 
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Fig. JO . Albumins prepared from tbe liver extracts of rats acutely 
poisoned with cadmium. A = control-saline-killed at 60 mins. 
B - F = extracts from animals killed at 0, 40, 90, 180 and 1,440 mins. 
respectively after intraperitoneal injection of 15 mg. cadmium/ kg. 
body-weight. Albumins prepared and separated as in Fig. 8. 
mium poisoning. Two features of especial interest are the 
presence of minialbumin in normal rat liver, and the 
greatly increased concentration of minialbumin in the 
tissue 90 and 180 mins. after a single intraperitoneal injec-
tion of cadmium. It is also noteworthy that there is a de-
cline in the numbers of normal albumin molecules present 
after 2 hours of intoxication. 
Similar extracts of the kidneys of poisoned rats were 
prepared and the changes in albumin fractions are shown 
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Fig. II . Albumins prepared from kidney extracts of acutely poisoned 
rats. A = control-saline-killed at 60 mins. B - F = extracts from 
animals killed at 0, 40, 90, 180 and 1,440 mins. respectively after 
intraperitoneal injection of 15 mg. cadmium/kg. body-weight. Albumin 
prepared and separated as in Fig. 8. Column 16 x 1·6 cm. Flow rat, 
18 ml. /hr. OD recorded at 262 mµ , 
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in this experiment, and the albumins overlap. There 
appears to be a considerable quantity of minialbumin be-
Fig. 12. Antigenic beha-
viour of albumins found 
in the serum, liver and 
kidney of cadmium-pois-
oned rats. l = serum nor-
mal albumin from acutely 
poisoned rat, 2 = serum 
minialbumin from acutely 
poisoned rat , 3= Ji ver nor-
mal albumin from acutely 
poisoned rat, 4 = 1iver 
minialbumin from acutely 
poisoned rat, 5= kidney 
normal albumin from 
acutely poisoned rat, 6= 
kidney minialbumin from 
acutely poisoned rat. Anti-
serum- rabbit anti-whole 
normal rat serum. 
fore administration of cadmium. 
Following poisoning, still more 
minialbumin was found in the 
renal tissues and the effect 
appeared to outlast that in the 
liver. Whether all the minialbumin 
to be found in the kidney comes 
from the liver is an extremely 
important question a pro pros the 
origin of the urinary minialbumin 
of men and animals poisoned with 
cadmium. We hope to be able soon 
to publish decisive evidence on this 
problem. 
The albumins in these tissue ex-
tracts behaved antigenically as do 
the albumins we have already 
found in sera, peritoneal dialysates 
and urine (Fig. 12). 
Possible Direct Chemical Action of 
Cadmium Ions on Normal Albu-
min Present in Blood or Serum 
It was important to establish 
whether minialbumin can be 
formed by the direct chemical 
action of cadmium ions on normal 
serum albumin present in blood or 
serum. To test this possibility, 2 mg. Cd (as CdCl,) was 
added drop by drop with continuous stirring to 6 ml. 
venous blood of a normal monkey, containing 0-5 ml. 
heparin as anticoagulant. The mixture was allowed to 
stand for 2 hours at room temperature, after which the red 
blood cells were removed by centrifugation and the albu-
mins prepared from the plasma by the TCA-acetone 
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Fig. 13. Incubation of cadmium chloride with normal monkey serum 
or blood . A = albumins prepared from normal monkey blood after 
incubation with CdC!t, B = albumins of normal monkey serum incu-
bated with physiological saline (control), C = albumins of normal 
monkey serum after incubation with CdCb. In each experiment albumin 
in M / 15 phosphate buffer, pH 7·0 and 0·5 M NaCl was passed through 
a Sephadex G 75 column 40 x 1·8 cm. Flow rate 15 ml./hr. OD was 
recorded at 262 mµ . 
To examine the action on albumin in serum, 3 ml . of 
normal monkey serum was added to each of 2 containers, 
which were then treated as follows : 
1. Control, 0·01 ml. physiological saline added. 
2. 2 mg. Cd (as CdCl,) added in physiological saline. 
This is equivalent to the dosage of cadmium employed to 
cause acute poisoning in monkeys. The solutions were well 
mixed, passed through millipore filters into flamed sterile 
tubes, and then incubated at 37 °C in a water bath, with 
gentle agitation, for 48 hours. Albumin was prepared from 
the two sera by the TCA-acetone procedure and fraction-
ated on Sephadex G 75 gel (Figs. 13 B and C). No mini-
albumin was detected in any of the experiments. We can 
safely conclude that it does not arise by a direct action of 
cadmium on normal serum albumin. 
DISCUSSION 
We have been concerned, in this and in earlier studies of 
the biochemical effects of cadmium, to elucidate the me-
chanisms which lead, in cadmium-poisoned men and 
animals, to the appearance of a low-molecular albumin in 
their urine. Other workers'·' have reported evidence sup-
porting the view that this protein originates as a result of 
non-specific injury to the renal tubular epithelium cells. 
The experimental observations presented here appear to 
indicate, rather, that the urinary minialbumin arises, pro-
bably to a major extent, from a primary action of cad-
mium on the liver cells. The excretion of the protein in the 
urine occurs only after a period of weeks following the 
appearance of minialbumins in the circulating blood. The 
concentration of these compounds fell consistently with 
the onset of urinary excretion of minialbumin. On the 
other hand, the level of circulating minialbumins as seen 
in peritoneal dialysates, was maintained relatively un-
changed for 6 days following bilateral nephrectomy, quite 
out of keeping with the observed high rate of metabolic 
turnover of minialbumin.' 
Maintenance of the circulating blood level of minial-
bumin in the nephrectomized monkey implies a major 
source other than renal tissues. We have not, however, ex-
cluded the possibility that kidney tissue may be able to 
produce minialbumins from serum albumin on addition of 
cadmium ions, and experiments are presently being per-
formed on this aspect of the problem. The presence of 
such minialbumin in the liver of untreated rats implies 
that small quantities must be present normally in the cir-
culation, being filtered by the renal glomeruli and reab-
sorbed by the tubular cells. Whether cadmium ions play a 
role in the regulation of the production and concentration 
of these intermediates in normal animals remains to be 
seen. The effect of cadmium is certainly on intracellular 
enzymic systems-we have never been able to detect the 
formation of low-molecular products from albumin, from 
the direct action of cadmium on serum or blood. 
As regards the nature of urinary minialbumin itself, its 
amino-acid composition is closely similar to that of serum 
albumin of molecular weight 67,000 and to the low-mole-
cular albumins found in the serum of cadmium-poisoned 
animals. In the three analyses so far performed, however, 
the minialbumins show a deficit of lysine and t-cystine, 
which, again, makes it possible to link together the circul-
lating and excretory forms of the protein. 
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Both urinary and serum minialbumins show reaction of 
identity with normal serum albumin in Ouchterlony plates. 
Although the peaks of normal and low-molecular albumins 
were invariably well separated from one another in the 
eluates from columns of dextran gel, we were concerned 
lest some normal albumin might be present and responsible 
for this antigenic behaviour of the minialbumin fraction, 
although not for its amino-acid composition. This possi-
bility was dismissed when it was found that two separate 
preparations of low-molecular albumins from serum, when 
centrifuged inadvertently in high salt concentration, con-
tained no component with molecular weight greater than 
10,000. On the other hand, we became aware of the fact 
that unless the proteins are in a salt concentration, 0·2 M 
or greater, there is a probability that some aggregation of 
minialbumin will take place and such aggregates will be 
found in the normal albumin fraction. Ready aggregation 
of minialbumin molecules under physiological conditions 
of pH and salt concentration gave the impression at first 
- until the critical influence of salt concentration on mole-
cular size was appreciated- that we were dealing with a 
protean molecule. Separated on inert columns of dextran 
gels in sodium chloride solutions of 0·2 M or more, the 
minialbumin migrates as an entity of molecules of weight 
10,000, sometimes with a lesser quantity of smaller mole-
cules of MW 5,000. Lowering the sodium chloride con-
centration to 0·9% leads to aggregation, and a range of 
molecules up to the size of normal serum albumin is pro-
duced. In salt-free media, as employed for Ouchterlony 
immunological plates, minialbumin preparations diffuse 
and react as fully-constituted serum albumin molecules, 
and give the reaction of identity with it. 
It is imperative in handling this protein, therefore, that 
the concentration of salt should be lowered to a safe level 
before the solution is dialysed, since the lower molecular 
species otherwise may rapidly escape. Boiled tubing of 
reduced porosity must be used. On the other hand, 0·9% 
sodium chloride or lesser concentration will facilitate 
rapid aggregation of minialbumin molecules, and it may be 
thought that normal albumin is a contaminant in the pre-
paration. This certainly explains the anomalous behaviour 
of the urinary albumin from two cadmium-poisoned work-
men, discussed in our earlier paper.' Dr. Kekwick deter-
mined the sedimentation coefficients of these albumins as 
1·96 and 1·99, which correspond to a molecular weight of 
approximately 20.000. 
Since the single chain of albumin includes only one tryp-
tophan residue, and peptides of very different composi-
tion are obtainable on proteolytic degradation," the possi-
bility of a repeating unit appears to be excluded. The close-
ness of fit of the primary amino-acid composition of all 
the albumins is therefore inexplicable in terms of a dis-
order in RNA-coded synthesis of albumin. One can, how-
ever, readily envisage how such products could arise dur-
ing catabolism of normal serum albumin. Disintegration 
of the molecular chains into large polypeptide fragments, 
of approximately equal size, may occur after release from 
the liver microsomes of the fully-formed albumin mole-
cules, and before they pass from the cell into the blood 
stream. A complete mixture of such polypeptides would 
have an amino-acid composition identical with its parent 
molecule. Alternatively, such products could arise during 
catabolism of circulating serum albumin returning to the 
liver, since the liver plays an important role in albumin 
breakdown. Activation of proteinases concerned with this 
type of fragmentation, or inhibition of enzymes active in 
further breakdown would raise the concentration of mix-
tures, such as the minialbumins we now describe. The de-
ficit of lysine and cystine in minialbumins might be due to 
attack by cadmium ions on one or more of the numerous 
disulphide bridges, which occur throughout the length of 
the molecular chain of serum albumin, with subsequent 
loss of one or more peptides, rich in lysine and cystine. 
Administration of thiol compounds such as cysteine or di-
thiopropanol has been observed to be protective against 
the vascular injuries caused by cadmium." It is also pos-
sible that a small peptide, rich in lysine and cystine, may 
have been lost at some point in the fractionation proce-
dure. We were unable to detect any direct effects on serum 
albumin prepared, following incubation of cadmium with 
either whole blood or serum. 
It appears remarkable that the peptides in the mixture 
are able to reassociate to form one or more intact albumins 
of normal molecular weight (67,000), giving a reaction of 
identity on Ouchterlony plates with normal serum albumin. 
This phenomenon implies that the antigenic sites have been 
preserved intact on individual peptides, whose disposition 
in the albumin molecule is of secondary importance. We 
have not so far, owing to dearth of material, been able to 
test whether these albumins are antigenically complete as 
compared with normal serum albumin. Since definite quan-
tities of minialbumin are normally present in the liver, it 
is possible that some reassembly could actually occur in 
vivo without the need for a specific RNA code. This is a 
heretical concept, perhaps, but such a process could contri-
bute to the micro-heterogeneity of serum albumin, as is 
well documented by Foster and his colleagues."·'" In this 
event, cadmium may prove to play a vital role in the 
physiological control of albumin metabolism. 
We hope that our further investigations will shed light 
on these various possibilities, and on the more intimate 
relationships between cadmium ions and the intermediary 
metabolism of albumin. 
SUMMARY AND CONCLUSIONS 
A low-molecular albumin (MW 10,000) has been demonstrated 
in the sera and in the peritoneal dialysates of monkeys chroni-
cally poisoned with cadmium, and, in one monkey, this mini-
albumin was found in the peritoneal dialysis fluid, 6 days after 
bilateral nephrectomy. 
The protein was immunologically indistinguishable from 
albumin of normal size by precipitin techniques. 
In all 6 monkeys studied, a rninialbumin was detected, in 
the blood, 3 - 5 weeks before its appearance in the urine. In 
addition, in some preparations a component of MW approxi-
mately 5,000 could be seen. Previous work has shown that the 
urinary minialbumin has a molecular weight of approximately 
20,000. In earlier experiments, described here, the quantity of 
this smallest component was exaggerated falsely by the pre-
sence of chromogenic material extracted from cellophane sacs 
by acetone. The excretion of urinary minialbumin fell away 
rapidly in 4 or 5 days following intravenous pulse doses of 
cadmium- in these experiments, the biochemical action of 
cadmium was relatively shortlived. 
The serum minialburnins showed the reaction of identity 
with full-sized albumin by immunoelectrophoresis and Ouch-
terlony techniques. Amino-acid analysis of serum minialbumin 
prepared separately from 3 monkeys provided evidence of 
close agreement in composition between one another and 
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normal serum albumin, except that in each case the values 
for lysine and t-cystine were lower in the smaller variant. 
The minialbumins were clearly separated from molecules of 
normal size on Sephadex G 75 as long as the concentration of 
sodium chloride was 0-2 M or more, without the appearance 
of proteins of intermediate size. At lesser salt concentrations, 
as for example in 0·9% sodium chloride solution, aggregation 
occurs with the development of a grossly inhomogeneous mix-
ture containing approximately 40% of albumin of MW 70,000 
and 60% of smaller fragments down to peptides of MW 5,000. 
Minialbumin which, from its elution volume from Sephadex 
G 75 columns appears to have a MW of 10,000, has been 
demonstrated to be present in the liver and kidney of normal 
rats. In acute cadmium poisoning, the proportion of mini-
albumin in the rat liver rose rapidly to a maximum at 90 
minutes, when it then appeared in the circulating blood. The 
changes in the kidney were similar in trend but more pro-
longed. Simultaneously with minialbumin, a pre-albumin frac-
tion made its appearance on electrophoresis in cellulose ace-
tate strips. 
Minialbumins are not formed by direct contact of cadmium 
ions with normal albumin in serum or blood ; they must arise 
as the result of the action of the metal on some intracellular 
enzymic process. 
The significance of these findings in relation to the origin 
of urinary minialbumin and the biochemical actions of cad-
mium are discussed. 
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